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Abstract 
 
Fluid and Metal Sourcing for the Native Silver Deposits in the Batopilas 
Mining District, Chihuahua, Mexico 
 
 
 
 
Michael Joseph Kallstrom, M.S.Geo.Sci. 
The University of Texas at Austin, 2012 
 
Supervisor:  J. Richard Kyle 
 
The Batopilas Mining District was a major silver producer, with estimated historic 
production of more than 300 million ounces.  Orebodies consist of high-grade silver in 
the forms of native silver, acanthite and proustite hosted dominantly in calcite veins.  
Recent exploration has facilitated the reexamination of the geologic features and origin of 
the enigmatic native silver district. 
Sulfur, lead, and strontium isotopic studies have been conducted to constrain the 
fluid and metal sourcing.  δ34SvCDT isotope signatures for galena, sphalerite and pyrite 
range from -8 to -2, -6 to 0, and -5 to 3‰,  respectively.  A fractionation temperature of 
227±25 °C can be obtained using average sulfur isotope values for galena and sphalerite.  
Galena lead isotopic values show two distinct signatures.  Samples of massive-
replacement style mineralization have 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values of 
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18.742 and 18.747, 15.611 and 15.618, and 38.512 and 38.535, respectively.  For vein 
samples, the corresponding values range from 18.799 to 18.817, 15.623 to 15.639, and 
38.603 to 38.655.  The lead isotopic signatures for vein galena have lower thorogenic 
lead content than other ore deposits in the Sierra Madre Occidental, suggesting a different 
source of metals.  Vein calcite samples have 87Sr/86Sr isotopic compositions ranging from 
0.707551 to 0.70590 (±0.000009) and Sr concentrations ranging from 51 to 246 ppm.  
These vein components may reflect mixed deep-marine sedimentary and Precambrian 
basement sources. 
A reconnaissance fluid inclusion study was conducted to better constrain fluid 
temperature and composition.  The minerals studied included quartz, fluorite, and two 
types of sphalerite.  The average eutectic temperatures obtained are -38°C, -31°C, and -
43°C, respectively, indicating a complex mineralizing brine.  Homogenization 
temperatures averaged 143°C, 165°C, and 174°C, and the NaCl equivalent weight 
percents averaged 4, 7, and 17, respectively.  Fluids involved in vein mineralization are 
different from those typical of epithermal vein Ag-Au deposits, and may represent 
sedimentary brines that have circulated through the underlying basement. 
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Chapter 1:  Introduction 
PURPOSE 
The historic Batopilas Mining District of southwestern Chihuahua, Mexico 
includes over 300 mines and prospects that have produced more than 300 million ounces 
of silver (Wilson & Panczner, 1986).  Approximately 75-80% of the ore material 
retrieved from the vein deposits in the Batopilas Mining District consisted of native 
silver.  One such ore body contained over 6% silver (McGlasson, 2007).  Unlike many 
other silver-producing mines where silver is a by-product of other precious or base metal 
production, at Batopilas the primary ore is native silver.  This also contrasts the vast 
majority of silver mines in Mexico, in which most silver ore consists of silver sulfides, 
arsenides or silver sulfosalts that occur in quartz, rather than calcite, veins, and in the 
Paleogene volcanic sequences rather than Jurassic and Cretaceous rocks (Wilson & 
Panczner, 1986).  These characteristics set the Batopilas Mining District apart from other 
silver-producing mines in the Sierra Madre Occidental, making it a unique deposit 
amongst the plethora of epithermal vein deposits in Mexico. 
Despite the economic interest of the Batopilas Mining District, the lack of 
detailed understanding of mineralization controls, combined with the topographic relief 
and other features of the region, has proved a challenge to development of new silver 
resources in the context of modern economic and business requirements.  The knowledge 
of fluid and metal sources, as well as a specific age of mineralization, would aid in 
exploration by helping to constrain possible sources and targets for silver mineralization.  
In addition to conventional petrography, x-ray energy dispersive spectroscopy (EDS) and 
stable and radiogenic isotope analyses were implemented in this study in order to better 
  2 
understand mineral paragenesis and fluid evolution.  More specifically, the goal of this 
study was to provide further insight into the potential sources for fluids and metals that 
resulted in the formation of this major, but enigmatic district.  This information could 
then be used in conjunction with evolving geologic knowledge to develop a genetic 
model for the native silver orebodies.  Exploration companies could benefit from the 
increased understanding of the mineralization process in the Batopilas District and for 
similar targets elsewhere, and may be able to apply this knowledge in their exploration 
methods to reduce costs and increase reserves.  Recent exploration has facilitated 
reexamination of the geologic features and origin of this district (MAG Silver Corp, Nov 
2002 press release, www.magsilver.com, 2011).   
The primary scope of this study was to provide mineralogical and paragenetic 
information using a combination of traditional petrographic study and modern electron 
beam methods.  In addition, this study provides preliminary results for sulfur, lead and 
strontium isotopes, as well as supplemental fluid inclusion analyses.  The data 
represented by this study encompass the application of tools not previously applied to the 
Batopilas Mining District. 
GEOGRAPHIC LOCATION & ACCESSIBILITY 
The town of Batopilas (latitude 27°01’36”N, longitude 107°44’22”W) was 
established at an elevation of approximately 500 meters along the Batopilas River in 
Copper Canyon, located in the southwestern quadrant of Chihuahua, Mexico, near the 
borders of Sonora and Sinoloa (Figure 1.1).  The town of Batopilas makes up the heart of 
the Batopilas Mining District. The main method of transport to reach Batopilas is via a 
five-hour automobile transit from Creel down through the 1,800 meter-deep canyon on 
dominantly unpaved mountain roads.   
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At the top of Copper Canyon, the winters are cold and dry, but can result in the 
precipitation of snow and formation of ice.  At the base of the canyon, however, the 
climate is sub-tropical to tropical year round.  The summers are the wet season, during 
which flooding and landslides can occur.  This makes accessing the area nearly 
impossible at times.  The cooler, dry winters are the dominant time of year for 
exploration and travel to the Batopilas area. 
BATOPILAS MINING DISTRICT: HISTORY AND ECONOMIC INTEREST 
Historic information for the Batopilas Mining District is summarized below, 
based on information from Wilson & Panczner (1986) and McGlasson (2007) (Figure 
1.2).  A significant primary source for historical information is Grant Shepherd’s The 
Silver Magnet: Fifty Years in a Mexican Silver Mine.   
The town of San Pedro de Batopilas was established in 1709 after the discovery of 
native silver in 1632 by the Spaniards.  Production of native silver in the district occurred 
predominantly in three major episodes separated by lulls in activity as a result of political 
unrest.  During any given lull, production did not halt completely, but rather continued by 
local miners with minor output.  Early records of the Batopilas Mining District are 
markedly incomplete as the result of major fires in 1740 and 1845 that destroyed most 
locally kept records.  However, according to Baron Alexander von Humboldt, blocks of 
ore weighing more than 200 kilograms were known to have been extracted from the 
mines of Batopilas in the early 1800s (Wilson & Panczner, 1986).  In addition to the 
formation of large masses of native silver ore, Batopilas has also produced specimen 
quality native silver herringbones, ferns and wires as well as ruby-red proustite crystals 
and acanthite pseudomorphs after various associated minerals such as argentite and 
calcite. 
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The first mine to open was La Nevada mine, so named for the “snowy-white” 
appearance of stream-polished native silver veins found in Batopilas River.  The only 
other early records available for the Batopilas Mining District indicate that Don Rafael 
Alonzo de Pastrana opened and maintained the Nuestra Senora de Pilar mine until his 
death in 1760, by which time most of the ore had been removed and cave-ins had become 
widespread. 
The next large-scale production began in 1775 when Cristobal Perez obtained 
rights to the San Antonio mine, and maintained production for fourteen years from a 
single bonanza strike.  Opened by Don Angel Bustamante in the early 1790s, the Carmen 
mine produced $14 million worth of silver.  This period of production ended in the 1820s 
when Mexico gained its independence from Spain.  Following the Mexican War for 
Independence, the district went into recession for twenty years. 
In 1842, Dona Natividad Ortez and her associate Nepomuceno Avila reopened the 
Santo Domingo, Nestor and Animas mines, and began new production from the Todos 
Santos, San Pedro, and La Aurora mines.  In 1852, the San Antonio mine came into the 
possession of Manuel Mendazona, who began production via the San Miguel tunnel but 
died in 1856.  He was succeeded by John Robinson, who completed the San Miguel 
tunnel and discovered a large bonanza vein that did not have a surface expression.  In 
1880 the San Miguel mine changed hands to Alexander Shepherd, who acquired a vast 
number of claims and consolidated them into the Batopilas Mining Company.  The 
Batopilas Mining Company continued to produce silver until 1920.  After the Mexican 
Revolution in 1910, Batopilas steadily declined in production as a result of political 
unrest (Wilson & Panczner, 1986).  Only small-scale mining operations have been active 
in the Batopilas Mining District for the past century. MAG Silver began an exploration 
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program in 2002 and currently controls 96% of the district claims (MAG Silver Corp, 
Nov 2002 press release, www.magsilver.com, 2011; McGlasson, 2007). 
REGIONAL GEOLOGY 
King (1939), Wisser (1966), Clark et al. (1979), Bagby (1979), McDowell & 
Clabaugh (1979), Damon et al. (1981), Wilkerson (1983), Wendt (2006), and Lyons 
(2008, 2011) have studied and reported on the geology of the Sierra Madre Occidental 
and the surrounding regions.  A brief synthesis of some of their works follows. 
Regionally, basement rocks of the Sierra Madre Occidental consist of extended 
Precambrian crust to the north and extended Paleozoic quartzites to the south, both of 
which are overlain by Mesozoic metasedimentary and metavolcanic strata with associated 
intrusions (Lyons, 2011).  A sequence of intermediate volcanics overlies these basement 
rocks (Wendt, 2006).  The lower part of the sequence, termed the lower volcanic complex 
by McDowell & Clabaugh (1979), consists of predominantly Late Cretaceous andesite 
flows with minor diorite and dacite intrusions.  This series of rocks shows evidence of 
tilting and significant erosion before being covered by the upper volcanic supergroup.  
The upper volcanic supergroup (McDowell & Clabaugh, 1979) is composed of Paleogene 
rhyolitic pyroclastics intermixed with minor andesite, dacite and basalt flows associated 
with caldera eruptions.  Intrusive equivalents of these volcanic rocks have intruded into 
the basement and lower volcanic complex (Wendt, 2006). 
BATOPILAS DISTRICT GEOLOGY 
The Batopilas Mining District resides in the southernmost documented exposures 
of a Jurassic marginal basin (Lyons, 2011).  The Jurassic Batopilas Formation is the 
dominant basement material for the Batopilas Mining District and surrounding areas 
(Figure 1.3 and Figure 1.4).  The Batopilas Formation, formerly the Pastrana Dacite 
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(Wilkerson, 1983), consists of three members.  The predominantly sedimentary 
Roncesvalles Member consists of marine pelagic sediments and sandstone turbidites.  
The Roncesvalles Member occurs between the early Minas Member and the later Animas 
Member.  The Jurassic Minas and Animas Members are indistinguishable except by 
stratigraphic position, and consist of submarine volcanic flows and breccias with 
andesitic composition showing intense alteration (Lyons, 2011).  The Upper Cretaceous 
Tarahumara Formation is separated from the underlying thrusted and folded Jurassic 
rocks by a high-relief angular uncomformity.  The Tarahumara Formation consists of 
submarine andesitic to dacitic lavas as well as associated agglomerates, breccias and 
pyroclastics (McDowell, 2001; Lyons, 2011).  Although regionally the Tarahumara 
Formation overlies the Lower Cretaceous siliciclastic and calcareous sediments 
(Wilkerson et al., 1988), at Batopilas the Tarahumara Formation directly overlies the 
Jurassic Batopilas Formation.  These basement rocks have been intruded by a series of 
igneous bodies, including the 85 Ma Tahones quartz-monzonite (Lyons, 2011), 
previously known as the Tahonas granodiorite (Wilkerson, 1983), quartz-latite porphyry 
dikes, and Las Juntas granodiorite (Lyons, 2011).  Although ages have not been obtained 
for the quartz-latite porphyry dikes and Las Juntas granodiorite, both cut the Tahones 
quartz-monzonite and Tarahumara Formation, respectively.   After intrusion of the 55 Ma 
Dolores Diorite (Wilkerson, 1983), a second period of tilting and erosion resulted in a 
moderate-relief angular uncomformity.   
This uncomformity separates the aforementioned rock types from the overlying 
Paleogene volcanic and sediments, which have been subdivided into two major groups.  
The Lower Volcanic Sequence (Bagby, 1979) or the Lower Volcanic Series (Wilkerson, 
1983) represents the equivalent to the lower volcanic complex from McDowell & 
Clabaugh (1979), and consists dominantly of andesite flow breccias and  conglomerates, 
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including the San Jose Flow Breccia, El Arenal Flow Breccia, and Cinco de Mayo 
Conglomerate (Wilkerson, 1983).  The 46-Ma Satevo Rhyodacite consists of a flow-
dome complex, showing lateral flows and flow breccias.   The Satevo Rhyodacite (Lyons, 
2011) does not appear to have been recognized in earlier studies, but occurs between the 
Tarahumara Formation and the upper volcanic supergroup.   The upper volcanic 
supergroup (McDowell & Clabaugh, 1979) has been named the Upper Volcanic 
Sequence (Bagby, 1979) or the Upper Volcanic Series (Wilkerson, 1983) to describe 
local equivalents.  The upper volcanic supergroup consists of rhyolitic welded tuffs and 
dikes with lesser amounts of thin andesite flows.   The Yerbanis Formation (Wilkerson, 
1983) makes up part of the upper volcanic supergroup with consistent ages of 28 to 32 
Ma for the rhyolitic ignimbrites (Bagby, 1979).   The interbedded andesite flows formed 
from 25 to 30 Ma (Cameron & Cameron, 1976).   Basalt flows cap the upper volcanics. 
The Upper Volcanic Series makes up the mesas that form Copper Canyon’s walls starting 
10 km north of Batopilas. 
Although Wilkerson (1983) reported that Tertiary (Paleogene) igneous bodies, 
including the Dolores Diorite, were uncomformably overlain by the lower volcanic 
series, Bagby (1979) documented that the younger plutonic dikes intruded the lower 
volcaniclastics, based on evidence of contact metamorphism.  Because of the widespread 
alteration of the Paleogene volcaniclastic rocks, precise age determinations have not been 
obtained.  Therefore exact relationships between the Paleogene volcanoclastic rocks and 
the plutonic rocks are unclear.  Oligocene volcanics from the upper volcanic series 
uncomformably overlie these rocks units, and include the Casas Coloradas Formation, 
consisting of rhyolitic pyroclastics and equivalent dikes, and the Yerbanis Formation, a 
thick rhyolitic ignimbrite with a basaltic lava flow caprock sequence (Bagby, 1979; 
Wilkerson et al., 1988; Lyons, 2008). 
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Structure 
Regional folding and westward thrust faulting can be seen in the Batopilas 
Formation.  This shortening event most likely occurred during the late Cenomanian based 
on field observations of the regional stratigraphy (Lyons, 2011).  The overlying 
Tarahumara dips moderately to the east.  Steeply dipping to vertical fractures and 
subsequent veins cut Cretaceous and older rocks and appear correlated with quartz 
monzonite and quartz latite intrusions that exhibit a radial distribution around the 
northernmost edge of the Minas Member (Lyons, 2011; Figure 1.4).  Paleogene rocks 
experienced at least two phases of faulting.  The first episode precedes extrusion of 
Oligocene Casas Coloradas and Yerbanis Formations.  The second faulting episode 
consisted of ring structures that followed the extrusion of Paleogene volcanics and most 
likely resulted from associated doming (Bagby, 1979; Lyons, 2011).  Circular structures, 
observed in satellite imagery to have 5 to 10 kilometer diameters, are commonly 
interpreted to be calderas (Muehlberger et al., 1977; Swanson, 1977).  In the eastern 
portion of the region, the upper volcanic supergroup is horizontal or dips shallowly to the 
southeast, while these units dip steeply to the east in the western portion of the district, 
implying larger displacements in the western parts of the Batopilas District (Bagby, 
1979).  These dips likely result from an episode of Miocene extension and caldera-related 
distortions (Lyons, 2008). 
ORE GEOLOGY 
Previous studies specifically on the ore geology of Batopilas include those 
conducted by Brodie (1909b, 1916), Krieger (1935), Wisser (1966), Wilkerson (1983), 
Wendt (2006) and Lyons (2008).  Wilson & Panczner (1986) provided a summary of the 
older studies. 
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The Batopilas district orebodies consist of calcite veins hosting native silver in 
Mesozoic plutons, volcanics, and volcaniclastic strata.  The silver-bearing orebodies 
follow regional faults, trending between N35°E and N30°W.  The ore zones range from a 
few centimeters to as much as 5 meters wide and extend for tens of meters, separated by 
up to 90 meters of barren calcite veins and stringers (Wendt, 2006).  Ore consists 
primarily of native silver, but also includes silver sulfide (“black silver”) and silver 
arsenic sulfide (“ruby silver”) bodies.  All forms of mineralization terminate abruptly 
vertically and laterally.  Thus, the Batopilas geological setting and mineralization are 
distinctly different from the epithermal precious-metal vein districts associated with mid-
Tertiary caldera systems that are abundant in western Mexico (Wilkerson, 1983; 
Wilkerson et al., 1988). Common Batopilas gangue minerals include calcite and quartz 
with minor barite (Krieger, 1935).  Associated minerals include galena and sphalerite 
with varying amounts of lollingite (FeAs2).  Accessory minerals include pyrite, 
chalcopyrite, arsenopyrite, and glaucopyrite-safflorite. 
It is currently unknown whether native silver mineralization at Batopilas occurred 
as a single-event or as a series of events along reactivated faults.  Wendt (2006) 
suggested that some silicified structures and veins appear related to formation of the 
Tahonas porphyry copper system and predate silver mineralization.  A Re-Os date of 84 
Ma on molybdenite supports a mineralization and alteration stage that pre-dates silver 
mineralization (Lyons et al., 2012).  Although the exact age of silver mineralization 
remains unknown, the silver-bearing veins do not extend into the overlying volcanic 
succession and vein fragments are incorporated into vent breccias associated with their 
emplacement (Lyons, 2011), indicating that mineralization must be older than the 
overlying volcanics (~30 Ma).  Minor native silver-bearing veinlets have been observed 
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to cut the Dolores Diorite (~55 Ma) near El Caballo Mine (Lyons, 2011) suggesting a 
further constraint on silver mineralization between 30 and 55 Ma. 
Alteration 
Multiple alteration events overprinted the Batopilas Formation.  The first of these 
alteration events consists of a period of pyritization evidenced by the replacement of 
augite by pyrite.  The most widespread alteration consists of chlorite-actinolite alteration 
of the Batopilas Formation and propylitic alteration of the Tarahumara Formation.  These 
alteration events are associated with submarine volcanism and alteration by seawater 
(Lyons, 2011; Wilkerson, 1983).  Chlorite-actinolite alteration, green-gray argillitization, 
and minor pyritization appear spatially associated with native silver mineralization 
(Wendt, 2006).  Silicification followed and overprinted the pyrite-chlorite-actinolite 
altered “Pastrana dacite” and Dolores Diorite, especially along fault zones (Wilkerson et 
al., 1988).  Based on the lack of alteration selvages on silver-bearing calcite veins, there 
does not appear to be any wall rock alteration associated with silver- or associated 
mineralization fluids. 
Vein Types 
The most cited references to vein type and characterization are those of Brodie 
(1909a & b, 1916).  In addition to Brodie’s work, vein-type characterization has also 
been conducted by Krieger (1935) and Wilkerson (1983).  The following vein 
descriptions have been summarized from the works of Wilkerson (1983) and references 
therein unless otherwise stated.  Wilkerson (1983) categorized the veins by the dominant 
gangue mineral and subgrouped them by the metallic minerals observed to occur within 
each vein.  For example, a vein consisting of calcite gangue that contains sphalerite and 
no other metallic minerals would be classified as a calcite-sphalerite vein.  However, a 
  11 
vein observed to contain native silver will be classified as a calcite-native silver vein, 
even if it contains other metallic minerals. 
Calcite, Calcite-Base Metal Sulfides Veins 
Calcite is the dominant gangue material in the silver-bearing veins of the 
Batopilas Mining District.  For this reason, Wilkerson (1983) further characterized veins 
based on the presence of other minerals associated with the calcite, including: calcite 
only, calcite-galena, calcite-galena-sphalerite, calcite-sphalerite, and calcite-native silver.  
The last of these will be discussed in the following subsection. 
Calcite veins that do not appear to contain any metallic minerals are common in 
the Batopilas Mining District.  Relatively high concentrations of silver in whole-vein 
assays indicate the presence of silver disseminated within the calcite (Wilkerson, 1983).  
The exact relationship of the disseminated silver to the calcite remains unclear.  The 
silver could occur along cross-cutting fractures or cleavages through the calcite, or the 
silver could occur as mineral inclusions within the calcite.  In this study native silver has 
been observed to occur along fractures and cleavages within the calcite.  The presence of 
native silver or silver minerals as inclusions within calcite has not been observed using 
traditional or SEM petrographic methods. 
Aside from calcite-native silver veins, calcite-galena veins are the most dominant 
vein-type (Wilkerson, 1983).  The higher silver concentrations associated with this vein 
type have been interpreted by Wilkerson (1983) to mean that silver content within this 
vein type occurs as disseminations within both the calcite and galena, or possibly in 
solid-solution within the galena.  Reflected light and SEM petrography of galena in this 
study did not confirm the presence of native silver or acanthite blebs, implying that if 
silver is present within the galena it is in solid-solution. 
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Calcite-sphalerite veins comprise the rarest form of calcite vein at Batopilas.  
Although sphalerite can be observed to occur within veins with volumetric percentages of 
60%, such occurrences appear limited to one specific vein believed to be sampled 
through the Santo Domingo, San Miguel, and the Marqueza Mines.  Such samples 
contain up to 270 ppm Ag and 6,000 ppm Pb (Wilkerson, 1983), suggesting the presence 
of galena in some samples. 
Calcite-sphalerite-galena veins are common in the Batopilas Mining District.  
Most samples appear concentrated towards the eastern portion of the district, especially 
in the San Antonio Arroyo and related mines.  Some samples containing calcite, 
sphalerite and galena have been observed to occur within the Roncesvalles-Todos Santos 
vein system also.  Aside from calcite-native silver veins, this vein type appears to have 
the highest concentrations of silver and lead. 
Calcite-Native Silver Veins 
These veins comprise the most abundant vein type mined in the Batopilas Mining 
District, and are characterized by the presence of native silver. In addition to the coarse-
grained calcite and native silver, these veins can contain 0 to 70% by volume galena and 
sphalerite (Wilkerson, 1983).  Minor nickel-cobalt arsenides, proustite, pyrargyrite, 
polybasite, and chlorargyrite may also occur in these veins as observed by Brodie (1909a 
& b) and Krieger (1935).  Also to be noted is the high silver to gold ratio, which is about 
2200 locally at Batopilas (Wisser, 1966; Wilson & Panczner, 1986).  This ratio greatly 
exceeds that of most known epithermal silver-gold deposits in Mexico, which typically 
are less than 700 (Wisser, 1966; Graybeal & Vikre, 2010).  The native silver in this vein 
type has six habits readily observed in samples from La Nevada Valenciana Mine, 
including reticulated, coiled, bladed, fern-like, rat’s nest, and massive (Wilkerson, 1983).  
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As many of these habits appear to represent large and complex crystals, they likely 
represent precipitation into a void or actively opening space. 
Quartz Veins 
Quartz, the other common gangue mineral, has been sub-divided into quartz-
galena, quartz-copper, and quartz-pyrite veins.  In all cases the quartz occurs as milky-
white to clear with medium to fine-grained, anhedral habit.  Veins with quartz as the 
primary mineral appear to have concentrations of copper greater than 1000 ppm on 
average.  This shows significant difference from the concentration of copper within 
calcite veins, which does not exceed a maximum concentration of 630 ppm (Wilkerson, 
1983).  Silver and lead concentrations vary significantly within this vein group. 
Quartz-galena veins make up a minor occurrence in the district.  The anhedral to 
subhedral galena in this vein type can vary in size from 0.5 millimeters to 1 centimeter 
across, and occur within medium to fine-grained, milky-white to clear quartz.  Some 
quartz does occur as open-space filling allowing for the formation of euhedral, prismatic 
crystals.  Native silver has been observed to occur on rare occasion in association with 
these veins or as disseminations in silicified wall-rock. 
Wilkerson (1983) indicated that quartz-copper veins only occurred towards the 
southwestern corner of the Batopilas Mining District.  However, some observations from 
this study indicate the presence of quartz-copper veins at La Cobriza Mine in the central, 
northern boundary of the district.  The minerals present in this vein type include 
malachite, limonite, and other secondary base-metal minerals.  Concentrations of copper 
in El Triumfo vein system range from 4,500 to 8,300 ppm and average 6,400 ppm 
(Wilkerson, 1983).   
The final subgroup in the quartz veins consists of quartz-pyrite veins.  These veins 
show the greatest difference from most other veins in the district.  In addition to the 
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presence of pyrite as a vein material, these veins also lack sphalerite or galena.  
Molybdenite also seems strongly associated with these veins.  The veins, however, are 
those dated at 84 Ma, thus being unrelated to the silver-mineralizing event. 
Vein Groups 
The following vein descriptions have been summarized from the works of Wendt 
(2006) and references therein unless otherwise stated (Figure 1.5).  The traditional 
grouping of silver-bearing veins at Batopilas includes four major groups: the San Miguel 
vein group, the Roncesvalles-Todos Santos vein group, the Caballo-Camuchin vein 
group, and the Descubridora-El Triunfo vein group. 
San Miguel Group 
The San Miguel vein grouping found east of the Batopilas River includes calcite-
sphalerite, calcite-sphalerite-galena, and calcite-native silver veins found and followed 
throughout the Santo Domingo Mine, La Nevada Valenciana (also, La Nevada Nueva) 
Mine, the San Antonio Mine, and the San Miguel Mine.  The veins in this group strike 
N20°W to N30°E and intersect towards the southeast.  They generally dip to the north 
and appear cut-off by post-mineralization faults.  According to Brodie (1916), the lower 
portions of the workings contained significant “arsenical pyrite” mineralization.  These 
could be related to or the same as the cobalt-bearing arsenides observed by Krieger 
(1935). 
Roncesvalles-Todos Santos Group 
The centrally located Roncesvalles-Todos Santos vein group strikes due north to 
20° northwest and has subvertical dips generally oriented to the north.  These veins 
appear truncated by the Roncesvalles Fault, oriented approximately at N30°E, dipping 
towards the south as indicated by the observation of oblique thrusting that moved the 
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hanging wall up 250 meters and to the west by 160 meters (Wendt, 2006).  Although the 
latest displacement along the Roncesvalles Fault is believed to be post-mineralization, 
extensive mining has taken place along the fault.   According to Wilkerson et al. (1988), 
the upper portions of the Roncesvalles contained the most silver mineralization.  The 
erratic and brecciated nature of ore found along the Roncesvalles Fault implies that it 
represents preexisting ore that had been broken up and redistributed along the fault zone.  
Regardless of the exact relationships between the Roncesvalles Fault and the ore-bearing 
veins, Wilkerson et al. (1988) stated that most orebodies observed in this vein group have 
a pod-like nature with native silver pods being separated by approximately 90 meters of 
unmineralized 1 to 3 millimeter wide calcite stringers and fractures. 
The Pastrana Vein strikes N10°E and dips to the east at an angle of 85° and could 
potentially cross the Porfirio Diaz Tunnel, although current records and geologic 
information do not confirm this relationship.  The Pastrana Vein is a calcite-native silver 
type. 
The Todos Santos Vein consists of calcite-native silver.  The calcite-native silver 
veins comprise calcite with a coarse-grained texture, native silver, variable amounts of 
galena, sphalerite, and laumontite, and possibly minor nickel-cobalt arsenides, proustite, 
pyrargyrite, polybasite, and chlorargyrite (Wilkerson et al., 1988; Brodie, 1909a and b, 
1916; Krieger, 1935).  In addition, Wilkerson (1983) observed that galena appears most 
common in the upper extremities of the Todos Santos Vein above the 92 Pedroyellena 
Level. 
Caballo-Camuchin Group 
The Caballo-Camuchin vein group lies west of the Roncesvalles-Todos Santos 
vein group, and has orientations ranging from NNW to N30°E with subvertical dips to 
the north.  These veins show significantly more clay alteration than the other vein groups 
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(Wendt, 2006).  In addition to the steeply dipping veins (Wendt, 2006), a vein set dips 
30° to 60° northeast (Wilkerson et al., 1988).  According to Brodie (1909b), the vertical 
veins in the Caballo-Camuchin group represent the younger event and commonly cut the 
shallowly dipping veins.  Silver has been found within and east of the dominant vertical 
vein. 
Descubriadora-Triumfo Group 
The Descubriadora-Triumfo vein group also trends N30°E and is found to the 
southwest of the Caballo-Camuchin.  The largest mine exploited a calcite-native silver 
vein.  In addition to high grades of silver, these mines have also produced minor copper 
and base metals.  The major occurrences of oxidized quartz-copper veins appear to occur 
within this mine group (Wilkerson et al., 1988).  However, La Cobriza Mine also 
contains significant quartz-copper mineralization as observed in this study. 
Mineral Zonation 
Batopilas mineralization appears zoned vertically and laterally.  Based on 
observations for the epithermal vein deposits of northwest Mexico by Wisser (1966), 
silver mineralization varies vertically with native silver occurring deeper near the 
basement and silver sulfides occurring at higher levels.  Silver arsenides and silver 
sulfides occur in conjunction with sphalerite and galena within 500 meters of the 
basement (Wisser, 1966).  This generalization is consistent with the findings of Lyons 
(2011), who showed that native silver can be related to base metal sulfide zoning.  
Although silver minerals have been observed to occur with sphalerite and galena, galena 
also occurs above the silver zone (Lyons, 2011). 
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GENETIC MODELS 
Graybeal & Vikre (2010) reviewed the various genetic models applied to silver-
rich mineral deposits, including volcanic massive sulfide, sedimentary exhalative, 
lithogene, and magmatic-hydrothermal models.  Of these four models, the native silver 
vein deposits in the Batopilas Mining District have been cited as likely magmatic-
hydrothermal (Wilkerson et al., 1988), or lithogene in origin (Graybeal & Vikre, 2010).  
Each of these genetic models can result in different metal associations and deposit types, 
including epithermal vein systems (Graybeal & Vikre, 2010).  
Magmatic-Hydrothermal 
Despite the many similarities between magmatic-hydrothermal and lithogene 
genetic models, magmatic-hydrothermal vein systems require the intrusion of 
intermediate to felsic bodies to provide a fluid-driver (Graybeal & Vikre, 2010).   
The Batopilas Mining District has some distinguishing characteristics compared 
to epithermal silver vein deposits in the Sierra Madre Occidental and other native silver 
districts, including extremely high silver to gold ratios of 2200:1, extremely low 
sulfidation, the deposition of native silver rather than argentite, and the dominance of 
calcite gangue mineralization instead of quartz (Wisser, 1966).  Most large and high-
grade silver-rich deposits believed to form from magmatic-hydrothermal processes are 
associated with quartz-calcite-adularia-sericite alteration assemblages that result from 
low salinity, near-neutral pH hydrothermal fluids (Graybeal & Vikre, 2010). 
Lithogene 
Unlike the magmatic-hydrothermal vein systems, the fluid drivers for lithogene 
vein mineralization include geothermal gradients and tectonism (Graybeal & Vikre, 
2010).  According to Simmons et al. (2005), because of the longer pathway for fluid 
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ascent in a geothermal system, the amount of water-rock interaction is much greater than 
for a magmatic-hydrothermal system.  Although solutions in the geothermal system are 
believed to result from the deep circulation of meteoric water, such systems can include 
mixing with 0-10% magmatic components (Simmons et al., 2005). 
 The Batopilas Mining District has been compared to the Cobalt (Ontario) and 
Kongsberg (Norway) and other native silver districts (Kissin, 1993; Wilkerson et al., 
1988; Graybeal & Vikre, 2010).  Although Batopilas has been compared to these five-
element vein type consisting of cobalt, nickel, arsenic, silver and bismuth or uranium, as 
proposed by Kissin (1993), only three of these elements (cobalt, arsenic and silver) are 
present in appreciable amounts at Batopilas.  Although safflorite and rammelsbergite 
(NiAs2) were reported as a major component associated with native silver by Krieger 
(1935), these minerals have not been observed in appreciable amounts by either 
Wilkerson (1983) or this study.   More precisely, nickel-bearing minerals have not been 
observed at all.  The metal association for the five-element vein type belongs exclusively 
to the lithogene genetic model, and results from the interaction of fluids with specific 
stratigraphic units and the sourcing of components from specific source rocks (Graybeal 
& Vikre, 2010). 
  19 
 
 
Figure 1.1: Geographic location of the Batopilas Mining District 
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Figure 1.2: The Batopilas Mining District after Wilson & Panczner (1986). 
 
Teeth marks outline the unmineralized halo surrounding the Tahonas Copper Porphyry system. 
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Qal  and Qls – Quaternary alluvium and landslide material  
 – locally tens of meters thick. 
 
Tba – Basaltic andesite dikes mostly trend N; cut Tyrt. 
Tyrt – Yerbanis rhyolite flows and tuffs (32 to 28 Ma).  
Tsd – Satevo Dacite – overlies angular unconformity on the 
Dolores Quartz Diorite, the quartz monzonitic series of 
intrusions, and all older rocks. 
  
ANGULAR UNCONFORMITY                                                                                                                                                  
Tqlp – Quartz-latite porphyry dikes and stocks associated with 
Tqmp.  Quartz phenocryst content ranges from 1 to 10% 
as distinctive large (to 1 cm) dipyramidal phenocrysts.   
Tqmp – Quartz-monzonite porphyry dikes and large stocks 
show considerable variation in quartz content (1 to 10%) 
and phenocryst size (up to 1 cm dipyramidal quartz). 
Tdd – Dolores Diorite - dark gray fine-grained diorite.  
TKjgd – Las Juntas Granodiorite - medium to fine grained 
granodiorite.   
TKay – Volcanoclastic strata consisting of tuffs and lahars, 
with diverse Laramide andesitic fragments.   
 
ANGULAR UNCONFORMITY                                                                                                                                                  
Jb – Batopilas Formation  
Jbd – Batopilas intrusions – dioritic to felsic dikes mostly 
unmapped at surface but present in core. 
Jbav – Animas Member – submarine volcanic flows and 
breccias, augite-andesite intensely altered to amphibole-
plagioclase-epidote.   
Jbrs – Roncesvalles Member – fossiliferous (ammonites, 
belemnites) pelagic sedimentary units with sandstone 
turbidites near the base. Fossils in the sandstone are 
transported with a dominant east-west alignment.  
Jbmv – Minas Member – submarine augite-plagioclase 
andesite flows and flow breccias intensely altered to 
amphibole-plagioclase-epidote.  Dikes of similar 
composition and alteration cut these eruptive rocks. 
 
 
Figure 1.3: Stratigraphy of the Batopilas Mining District after Lyons (2011) 
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Figure 1.4: The geology of the Batopilas Mining District after Lyons (2012) 
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Figure 1.5: Major vein groupings for the Batopilas Mining District after Wilkerson (1983) 
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Chapter 2:  Mineralogy and Paragenesis 
INTRODUCTION 
The paragenesis of Batopilas veins is discussed briefly by Brodie (1916), Krieger 
(1935) and Wilkerson (1983).  In the general overview of the paragenesis of the vein 
system presented by Brodie (1916), gangue minerals, including quartz and calcite, form 
coevally with base metal sulfides, including galena and sphalerite with minor 
arsenopyrite.  Brodie (1916) reported that native silver mineralization occured after the 
base-metal sulfides, although he provides no evidence or explanation for this 
interpretation.  Krieger (1935) agreed to this interpretation and added that an arsenide 
phase of mineralization also predated native silver.  Krieger (1935) ultimately concluded 
that, although individual minerals cannot be paragenetically sequenced, the sulfides 
(pyrite, sphalerite and galena) occur first, followed by arsenide (safflorite, 
rammelsbergite, arsenopyrite) precipitation, and lastly silver (polybasite, argentite, 
proustite, pyrargyrite) formation with native silver occurring towards the end of 
mineralization.  Although Krieger (1935) provided petrographic examples of his 
observations, no details on the mine localities for samples or distribution of samples were 
published. 
Wilkerson (1983) presented the most extensive and detailed work on the 
paragenesis of vein mineralization at Batopilas.  In his paragenetic sequence, Wilkerson 
(1983) related wall-rock alteration to vein mineralization.  In addition, he related gangue 
mineralization to ore mineralization, providing insight important for ore genesis 
modeling.  Based on field and polished-section observations and associated locations, 
Wilkerson (1983) concluded that alteration events occurred in the order of wall-rock 
  25 
pyritization, chlorite-actinolite alteration, and lastly silicification.  The formation of early 
quartz-pyrite-molybdenite veins associated with intrusion of the Tahonas (Wilkerson et 
al., 1988) precedes and is unrelated to the silver-bearing calcite vein mineralization.  
Calcite vein mineralization began after pyritization and silicification ceased.  In some 
cases, fragments of the altered host rock have been incorporated into the calcite vein, 
especially when the vein appears to consist of many braided veinlets.  Although described 
by Wilkerson (1983) as chlorite-actinolite alteration, throughout this study such alteration 
will be described as propylitic alteration.  This is mainly because the presence of 
actinolite has not been confirmed, and minor epidote has been observed in addition to 
chlorite, which is the dominant alteration mineral in this assemblage.   
In his paragenetic sequence, Wilkerson (1983) recognized two primary gangue 
minerals, including a single calcite phase that occurs throughout the entirety of vein 
mineralization and a late-stage precipitation of quartz.  Base-metal sulfides, including 
sphalerite and galena, were the first to precipitate, with the potential for multiple 
generations of galena.  The earliest generation of galena formed coevally with sphalerite.  
Although Wilkerson (1983) did not observe any arsenide minerals, he included the 
arsenides in his paragenetic sequence as the next mineral phases to precipitate based on 
Krieger (1935).  The various silver mineral phases, including proustite, native silver and 
acanthite, occur paragenetically late.  Wilkerson (1983) included barite precipitation 
towards the end of mineralization, as some barite gangue has been reported by Krieger 
(1935).  However, the rationale for placing barite at the end of vein mineralization is 
unclear.  Wilkerson (1983) also recognized a late-stage phase of pyrite mineralization 
associated with late-stage quartz-galena veins.  Although not outlined in his paragenetic 
sequence, Wilkerson et al. (1988) also documented an early stage of quartz-pyrite-
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molybdenite vein mineralization associated with the Tahonas porphyry copper 
mineralization. 
Although Wilkerson (1983) provided a more detailed synthesis of paragenetic 
relationships, relationships between the precipitation of individual mineral phases and the 
possibility of multiple generations of these phases remains relatively unexplored.  In 
addition, the presence of cobalt- and nickel-bearing arsenide phases requires 
confirmation, as well as spatial constraints based on mine locality.  The spatial and 
temporal relationships of the various mineral phases remain unclear as relationships have 
been highly generalized across the district. 
In order to provide better constraints on whether vein mineralization assemblages 
are controlled by spatial and/or temporal relationships in the Batopilas Mining District, a 
detailed investigation into the paragenesis is undertaken here.  Difficulties that arise in 
such a study at Batopilas result from the scarcity of mineralized vein materials remaining 
in extensively mined workings, veins lacking a symmetrical character, and the extensive 
post-mineralization deformation of veins.  In addition to confirming some of the minerals 
and paragenetic relationships noted by previous researchers, this study provides new 
insight from the detailed study of a sample suite spanning a large part of the district.  In 
addition, methods unavailable to previous researchers, such as x-ray energy dispersive 
spectroscopy (EDS), scanning electron microscopy (SEM), and electron backscatter 
diffraction pattern (EBSD) imaging, have allowed for more precise mineral identification. 
METHODS 
Field Methods & Sampling 
Along with Richard Kyle, Stephanie Mills, and James Lyons, I conducted field 
work in January of 2009 during a five day period.  James Lyons led this brief 
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introduction to the geology of the Batopilas Mining District, with MAG Silver Corp. 
contract workers guiding us through the terrain and various mine workings.  Sampling 
could be done efficiently because of Lyons’ and other MAG Silver workers’ familiarity 
with the district.  However, sample sites were limited to accessible workings for this long 
dormant district. 
A global positioning system unit was used to record surface sample localities.  All 
data was stored as geographic coordinates relative to NAD27.  Underground sample sites 
were recorded on detailed mine maps and converted to NAD27 coordinates.  I measured 
strikes and dips of veins and major structures using a Brunton compass (Appendix A). 
More than 60 samples were collected for both my own research and that of 
Stephanie Mills’ undergraduate honors thesis (Mills, 2009).  We primarily sampled 
calcite veins from various localities, but samples of varying rock types in the district were 
also collected.  A hand-held UV lamp was used to aid in sampling of calcite veins.  
Sample selection criteria included (1) the presence of vein material with emphasis on 
calcite of varying fluorescent intensity or color (Figure 2.1), (2) vein calcite containing 
sphalerite, galena or other metallic; and (3) vein calcite containing acanthite or native 
silver mineralization.  We attempted to collect samples with some amount of host wall-
rock as well as whole-rock samples when possible to better constrain paragenetic 
relationships.  Samples of non-calcite veins, such as fluorite, barite, and quartz-pyrite 
veins, have been included for the purposes of developing a paragenetic sequence for the 
district as a whole. 
Because of the paucity of silver-bearing samples that could be collected in-situ, 
additional samples of these materials were collected from mine dumps or provided from 
MAG Silver collections.  Similarly, exploration cores were selectively sampled for rock 
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types and mineralized materials away from historic mine workings.  Collectively the 
available suite of samples available for study totaled more than 100. 
Petrography 
I conducted petrographic work using a Leica DM EP petrographic microscope 
with the Leica DFC280 camera.  I implemented both standard transmitted-light 
microscopy in order to identify semi-translucent to translucent materials as well as 
reflected-light microscopy to identify semi-opaque to opaque minerals (Appendix A). 
 Examined sections included forty-nine 100 micron thick, doubly-polished, thick 
sections, and fourteen standard polished petrographic sections.  Greg Thompson at the 
University of Texas at Austin prepared the initial suite of thick sections.  Texas 
Petrographics Services Inc. prepared a second set of doubly polished thick sections and 
standard polished sections. 
Electron Microscopy 
I conducted scanning electron microscopy (SEM) and energy dispersive 
spectroscopic (EDS) analyses based on the works of Reed (2005) and Goldstein et al. 
(2003) using the JEOL JSM-6490 LV scanning electron microscope in the Department of 
Geological Sciences at the University of Texas at Austin.  Samples were observed and 
analyzed in low vacuum mode.  Accelerating voltage, spot size, magnification, etc. varied 
for samples depending on the presence of heavy metals including lead and silver 
(Appendix C).  
BSE imaging was difficult because of the large differences in mean atomic mass 
for metallic and non-metallic minerals.  Brightness and contrast controls resulted in dark 
zones representing gangue, non-metallic minerals when using low brightness for 
observation of heavy metal minerals.  Conversely bright zones representing heavy metal 
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minerals were produced at high brightness settings for the observation of non-metallic 
gangue and host rock minerals.  In general when these two types of zones juxtapose, only 
the gangue minerals or metallic minerals can be compared at that time.  For this reason 
when looking at juxtaposed gangue and metallic minerals, I made observations 
maximizing contrast for each type of mineralization regardless of the bright or dark zones 
produced in the other type.  I did this to ensure that different minerals and strong 
chemical variations within these minerals could be observed. 
I did not conductively coat the samples with carbon or gold, leading to increased 
beam skirting effects because of the need for a larger spot size for adequate signal.  Beam 
skirting can be understood as the effects of the electron beam sampling materials adjacent 
to the actual spot of interest (Reed, 2005; Goldstein et al., 2003).  One can recognize the 
effects of beam skirting from the presence of elemental signals not expected for the 
particular spot, but present in surrounding or included minerals.  For example, the 
presence of a silver signal despite the fact that the mineral in question would not be 
expected to contain any silver.  Therefore, in cases when beam skirting was particularly 
problematic, EDS mapping was implemented to show elemental distributions within a 
given area. 
In addition I used the Philips/FEI XL30 environmental scanning electron 
microscope with electron backscatter diffraction (EBSD) detector in conjunction with 
samples analyzed using EDS.  Because EDS only provides information on the chemistry 
of a given material, polymorphs such as acanthite and argentite are indistinguishable.  
EBSD analyses allow the user to differentiate minerals based on their crystal structure, 
with high-symmetry crystal systems (isometric, hexagonal) showing simple EBSD 
patterns, while low-symmetry systems (triclinic, monoclinic) have complex patterns.  
Therefore using this method allowed me to discern acanthite, a monoclinic mineral, from 
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the higher temperature, isometric polymorph argentite.  The division between argentite 
and acanthite precipitation is generally considered to be 180°C (Emmons et al., 1926).  
Because of sampling limitations only one sample was successfully analyzed, and only 
contained the lower temperature polymorph, acanthite. 
Fluorescence 
A fluorescence study conducted by Mills (2009) provided the framework for 
fluorescence analyses.  After inducing a fluorescent response using a black light, I noted 
the varying colors and intensities of fluorescence produced by different vein materials 
(Appendix D).   For calcite analyses the color-intensity descriptions vary from red-violet 
to orange and weak to intense.  These descriptors represent end-members for a subjective 
gradient of variation.  The intermediate descriptors include pink-orange and moderate 
intensity. 
As differences in the fluorescent character of calcite most commonly result from 
the presence of variable activators and sensitizers, these variable responses to UV light 
indicate different generations of calcite (Rakovan & Waychunas, 1996).  Therefore, the 
fluorescent response of calcites provides a useful tool for paragenetic sequencing.  
Because two fluorescent styles of calcite may not occur together in a given sample, the 
interpretation of paragenetic relationships in samples with such relationships can then be 
extended to include other calcites of the same fluorescent style as long as other physical 
properties are also consistent.  Basically, as long as all else is the same, calcites with 
moderate white fluorescence and phosphorescence are all treated the same generation, 
paragenetically.  The same is true for all intensely orange-fluorescing, non-
phosphorescing calcites, and so on. 
With such a protocol, four main generations of calcite can be interpreted.  A white 
fluorescent response of moderate intensity and showing phosphorescence represents the 
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earliest stage of calcite.  A weak, red-violet fluorescence indicates the next generation of 
calcite precipitation.  This calcite shows no phosphorescence.  Another early calcite 
generation is represented by a lavender-pink fluorescent response of moderate intensity 
and showing phosphorescence.  The latest stages of calcite precipitation envelop the 
moderate to intensely fluorescing pink to orange varieties of calcite.  The intensely 
orange fluorescent calcite most likely represents the latest stage of calcite mineralization 
as it has been observed to occur as a drusy encrustation on cavity-fill calcites, as infill of 
fractures within earlier calcite generations, and surrounding native silver blebs. 
Limitations 
Many limitations existed in this work.  Limitations on paragenesis and 
mineralogical zoning result from the preferential mining of silver minerals and disposal 
of all other forms of mineralization throughout production of the Batopilas Mining 
District.  In addition, materials and mines available to earlier studies were not all 
available or accessible for this study. 
The limitations for EBSD methods included difficulty of obtaining a high-quality 
polish on petrographic sections, and a lack of sample standards for comparative analyses.   
Some error occurred in the stoichiometric ratios of elements in some minerals as a 
result of the semi-quantitative nature of the EDS analyses.  In most cases these issues 
gain resolution through comparison to petrographic observations.  For example, calcite 
and quartz, which can readily be identified in petrographic section, often showed EDS 
results of CaCO2 and SiO1.5 rather than CaCO3 and SiO2, respectively.  A similar oxygen-
deficiency occurred with the identification of potassium feldspar variety adularia, in 
which case a stoichiometry of KAlSi3O5 was obtained rather than KAlSi3O8.  One 
example of such an occurrence that resulted in significantly less confidence with the final 
determination includes the identification of anorthite (CaAl2Si2O8).  In this case, the silica 
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signal detected is almost double what would be expected.  Other characteristics were also 
used to identify these materials when possible, leading to the final identification. 
RESULTS & DISCUSSION 
In order to provide some locality context, sample descriptions and results have 
been organized by mine or site (Figure 2.2), and these loosely organized based on the 
groupings implemented by Wilkerson et al. (1988).  The only major vein grouping not 
sampled was the Descrubriadora-Triumfo (Figure 1.5).  Phase names, chemical formulas, 
and abbreviations used throughout can be found in Table 2.1.  More detailed descriptions 
of some samples can be found in Appendix A. 
San Miguel Vein Group 
I collected samples of the San Miguel Vein Group from the Santo Domingo, La 
Nevada Nueva, and San Antonio Mines in the easternmost part of the Batopilas Mining 
District.  Mineralogy for this vein group appears consistent with observations by previous 
authors, with veins consisting dominantly of calcite with varying amounts of base-metal 
sulfides, arsenides, and silver minerals. 
The dominant gangue minerals present in this vein group are calcite and quartz.  
Two distinct calcite morphologies, type I and type II, are observed (Figure 2.3).  These 
morphologies do not correspond to specific generations of calcite.  Type I calcite 
consisted of anhedral, massive or blocky, semi-translucent, milky-white vein-fill and 
represents at least three distinct mineralizing events or generations.  The first generation 
of calcite possessed a moderate to intense white fluorescence and has been observed to be 
cross-cut by later generations of a similar material.  The second generation of calcite has 
a weak red-violet fluorescent response and most commonly occurs along vein boundaries.  
The third generation of calcite possesses a moderate to intense pink-orange to orange 
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fluorescent character, and has been observed towards vein interiors as well as cross-
cutting the first generation of calcite.  Sphalerite, galena, and lollingite appear to occur 
between the second and third calcite generations in at least one sample (Figure 2.4), 
although these base-metal sulfides have also occurred within the reworked third 
generation material. No direct relationships have been observed in a given sample 
between the first and second generations of this type.  All calcite generations of this type 
appear tectonized.    
Type II calcite possessed a euhedral, scalenohedral, translucent, colorless to gray 
character (Figure 2.3), within which three generations of calcite existed based on 
fluorescent response.  All three generations have been observed in direct relation to one 
another.  The first generation fluoresces an intense lavender-pink and phosphoresces a 
moderate blue (Figure 2.3B).  The second generation of material fluoresces moderate 
pink-orange, but does not phosphoresce, and the third generation fluoresces an intense 
orange, similar to the third generation observed in type I calcite. 
The quartz from this vein group also occurrs in two morphological types.  Unlike 
with the calcite, the two morphologies also appear to be distinct quartz generations.  Type 
I quartz has a euhedral, fine-grained nature, and generally occurs proximal to the wall-
rock and associated with sphalerite.  Type I quartz represents the earliest generation of 
quartz, as evident from the open-space filling with later vein infill.  Type II quartz has an 
anhedral, massive character, and occurs towards the vein interiors when present. 
Minor potassium feldspar has also been observed using EDS methods in samples 
from the San Antonio Mine.  The material occurs as anhedral infill bounding euhedral 
arsenopyrite in sample BT09-41 (Figure 2.5), and as 200-micron, euhedral lozenge-
shaped crystals included within and adjacent to anhedral galena in sample BT09-48 
(Figure 2.6).  EBSD diffraction patterns indicate a monoclinic crystal structure.  In 
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conjunction with the nature of vein-fill, this material is believed to be the low-
temperature polymorph, adularia. 
The base metal sulfides from this mine group show complex relationships to 
gangue minerals and to one another (Figure 2.7).  Two morphological types of pyrite 
appear to exist.  Type I pyrite occurs as euhedral cubes.  This variety appears restricted to 
the wall-rock for the most part.  Although some cubic pyrite has been observed in the 
vein, this material represents fragments that became included proximal to the wall-rock 
during vein propagation and infill precipitation.   Type II pyrites occur as anhedral, 
irregular masses often found in the vein proper. 
In general sphalerite appears to have been the first base-metal sulfide to form as 
vein infill.  Sphalerite occurs along the vein boundaries as euhedral dodecahedrons in 
many samples.  These more euhedral sphalerites sometimes show fracturing with infill by 
calcite and/or galena.  When galena and sphalerite occur together, the galena generally 
appears to be replacing the sphalerite along fractures and rims.  However, in some cases 
the sphalerite appears to replace galena along cleavage planes.  This could imply that 
even if sphalerite-galena formation occurred as distinct events, these sulfides are closely 
related and likely precipitated within a relatively short period of time and from similar 
fluids. 
The arsenic-bearing minerals, arsenopyrite-lollingite, formed after sphalerite-
galena.  Arsenopyrite and lollingite cannot be distinguished optically because of similar 
reflected-light properties and morphologies resulting from the pseudomorphic 
replacement of arsenopyrite by lollingite.  Arsenopyrite has been almost entirely replaced 
by lollingite, and can only be observed in one sample as cores wholly encased by 
lollingite rims (Figure 2.8).  The nature of the replacement would indicate that the fluid 
chemistry did not change gradationally, but rather that the two minerals formed from 
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separate fluids with the lollingite replacing preexisting arsenopyrite.  Arsenopyrite most 
likely formed contemporaneously with the base-metal sulfides, as it is closely associated 
with galena and quartz.  The onset of lollingite precipitation resulted in the replacement 
of both arsenopyrite and galena.  Such a change in mineralogy could indicate fluid 
evolution and sulfur depletion in the mineralizing system. 
All three silver ore minerals commonly reported at Batopilas have been observed 
in this mine group, including proustite, native silver, and acanthite.  Proustite replaces 
galena along its cleavage (Figure 2.9), indicating precipitation after base-metal sulfide 
formation.  This event most likely coincides with lollingite formation.  Proustite has been 
observed within calcite and quartz along growth zones at La Nevada Nueva Mine, 
indicating some degree of coprecipitation.  Proustite has been fractured and replaced by 
acanthite (Figure 2.10), suggesting that the earliest silver ore to form was the proustite.  A 
vein-reactivation event resulted in the fracturing of proustite, and its subsequent 
replacement along these fractures by acanthite.  The replacing acanthite also appears to 
be partially replaced by pyrite in the same sample.   Native silver appears nested in open 
spaces adjacent to type II quartz and type I Calcite, and as in-fill in microfractures cross-
cutting quartz and calcite veins.  This study does not support previous reports of the 
coeval nature between various silver ores and calcite, especially native silver.  Acanthite 
has also been observed along the rims of native silver blebs,   indicating replacement.  
This acanthite most likely resulted during a late-stage vein-reactivation event involving 
the influx of a sulfur-rich fluid.  In some cases native silver shows no macroscopic or 
microscopic evidence of interaction with such a fluid.  However, EDS mapping indicated 
higher sulfur content along native silver rims even when acanthite did not form (Figure 
2.11).  Further implications include the depletion of silver in the system that resulted in 
the subsequent replacement of acanthite by pyrite. 
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Therefore, for the San Miguel Vein Group, it appears that calcite precipitated 
throughout the various depositional events at Batopilas along with minor amounts of 
quartz.  Quartz formed during the earlier stages of vein propagation and most preceded 
the base-metal sulfides, although some could have formed cogenetically with later 
sphalerite and galena.  After multiple stages of base-metal sulfide deposition, 
precipitation of arsenopyrite and subsequent replacement by lollingite occurred.  This 
arsenic-rich stage likely occurred during proustite precipitation, as both proustite and 
arsenopyrite-lollingite have replaced galena.  Proustite formed cogenetically with pink-
orange to orange fluorescing calcite and quartz.  Native silver began to precipitate after 
proustite formation and ligand depletion.  Although commonly associated with the pink-
orange to orange fluorescing calcite, cross-cutting relationships indicate that native silver 
precipitated independently of major calcite vein infill.  A late-stage sulfur-rich fluid most 
likely entered the veins during a reactivation event and replaced some proustite and 
altered native silver to acanthite, which also is replaced by pyrite. 
Roncesvalles-Todos Santos Vein Group 
The samples collected from this vein group came from the Porfirio Diaz Mine 
Tunnel, the Porfirio Diaz Mine, the Porfirio Diaz Mine Cross-Cut 1, and the Pastrana 
Mine.  The veins sampled in the Porfirio Diaz Mine include the Roncesvalles, San 
Roberto, Todos Santos (Tunnel Level and Penasquito Level), and veins observed to 
cross-cut the Dolores Diorite. 
Early quartz-pyrite-molybdenite veins, interpreted by Wilkerson (1983) to be 
associated with the Tahonas Copper Porphyry system, have greater prominence in this 
vein group.  These veins consist of quartz with pyrite, chalcopyrite, molybdenite, and 
augite.  The augite occurs as fragments in the quartz vein and may represent wall-rock 
material that became incorporated into the vein during formation.  Regardless this 
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mineral assemblage indicates a higher formational temperature than those expected for 
the silver-bearing calcite veins.  Minor potassium feldspar has also been observed to 
occur in quartz-pyrite-molybdenite veins along microfractures and cleavage in the gangue 
and metallic minerals.  Therefore, the potassium feldspar formed after the quartz-pyrite-
molybdenite veins.  For further discussion of samples associated with these veins, see 
Appendix A. 
As in samples from the San Miguel Vein Group, the dominant gangue minerals 
present in this vein group include calcite and quartz.  In most samples, an early stage of 
fine-grained, anhedral quartz followed by coarser, euhedral quartz crystals reminiscent of 
type I quartz can be observed (Figure 2.12), and likely represents mineral precipitation 
during initial vein opening.  Galena appears to have formed soon after the type I quartz 
(Figure 2.13).  This could indicate that at least one generation of base-metal sulfides 
preceded calcite precipitation, because sphalerite has been observed to occur adjacent to 
euhedral quartz in samples from the San Miguel Vein Group.  The vast majority of 
gangue material consists of calcite similar in morphology and fluorescent character to the 
second and third generations of type I calcite.  The coarser, subhedral second generation 
of type I calcite appear more strongly associated with the base-metal sulfides, while the 
calcites adjacent to native silver blebs from the Pastrana Mine appear to fluoresce the 
most intensely orange in a similar manner to the third generation of type II calcite .  At 
least one other generation of quartz appears to fill fractures within the coarser calcite.  In 
one sample from the Roncesvalles Vein, the type II calcite morphology occurs associated 
with quartz and hematite (Figure 2.14), but no other metallic minerals.  This calcite most 
likely represents the latest stage of vein-fill in the system, and does not relate to the 
precipitation of silver minerals at Batopilas. 
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Sphalerite, galena, arsenopyrite-lollingite, and minor vein pyrite can be observed 
in this vein group.  These minerals appear to form between the earliest precipitation of 
quartz and the onset of calcite precipitation.  As in the San Miguel Vein Group, sphalerite 
and galena appear to precipitate first in multiple generations with complex relationships.  
An early generation of colorless to yellow-orange sphalerite may have preceded the 
formation of galena and a second generation of orange to opaque sphalerite.  The iron 
content is assumed to be higher for the darker, more opaque sphalerite varieties and lower 
for the pale, transparent varieties.  The earliest generation of sphalerite can be recognized 
by its euhedral, iron-poor nature, whereas the later generation appears subhedral and 
more iron-rich based on color and opacity.  The earlier, euhedral sphalerite crystals 
increase in iron content as indicated by color banding turning darker orange toward the 
grain boundaries.  One sample from the Penasquito Level of the Todos Santos Vein 
appears to contain both varieties of sphalerite (Figure 2.15).  In addition to grain size and 
color differences, their associated minerals distinguish these two varieties.  One 
sphalerite appears associated with arsenopyrite-lollingite, whereas more massive 
sphalerite is replaced by galena proximal to the wall-rock.  In general arsenopyrite-
lollingite replaces galena, indicating a later formation, although in one instance 
arsenopyrite with a pyrite halo appears to be included within a galena crystal.  A late-
stage oxidizing event, most likely related to circulating groundwater, is responsible for 
hematite and goethite formation and the precipitation of anglesite after the silver 
minerals. 
The only silver minerals observed in this suite of samples consisted of native 
silver and acanthite from the Pastrana Mine.  Native silver occurs as amorphous, 
disseminations along fractures parallel to the calcite vein (Figure 2.16).  The ragged 
nature of the calcite-silver contact suggests calcite dissolution occurred prior to native 
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silver precipitation.  These fractures also appear to contain a finer-grained calcite, 
acanthite, and galena.  Acanthite occurs as halos surrounding galena, which is encased by 
anglesite (Figure 2.17).  This indicates that the oxidizing event occurred after the silver 
minerals had formed. 
 In general, therefore, type I quartz represents the earliest vein-fill in the 
Roncesvalles-Todos Santos Vein Group.  The first base-metal sulfide to precipitate 
appears to be sphalerite with minor galena.  At least two generations of sphalerite exist.  
These sulfides most likely formed shortly before or during the onset of type I calcite 
precipitation.  Arsenopyrite-lollingite replaces galena, but does not show any direct 
relationship to the silver minerals.  Native silver and acanthite began to precipitate after 
the second generation of type I calcite and the base-metal sulfides.  Type II calcite likely 
precipitated after silver deposition and prior to an oxidizing event that resulted in the 
alteration of pyrite to goethite and galena to anglesite.  Anglesite and hematite formation 
is late-stage, and secondary in nature. 
Caballo-Camuchin Vein Group 
The only two samples available for this vein group came from the dumps for El 
Caballo Mine.  El Caballo Mine and others in the area were made inaccessible by 
flooding and use as an irrigation source by local “agriculturalists”.  Unlike any other 
materials in the Batopilas Mining District observed by the author, these samples 
contained significant cobalt.  Otherwise the vein materials appear similar to those 
previously discussed. 
The dominant gangue minerals include type II calcite and quartz with minor 
adularia.  The calcite appears anhedral to subhedral with the typical pink-orange 
fluorescence.  Quartz in these veins also has an anhedral nature and occurs as infill within 
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25 micron fractures and cleavage planes that cross-cut calcite.  Adularia occurs along 
grain boundaries of and fractures in cobalt and iron arsenides, indicating later formation. 
As in the other vein groups, sphalerite with minor galena and pyrite make up the 
base-metal sulfides present in these veins.  At least two generations of sphalerite exist in 
these samples (Figure 2.18).  The earliest generation of sphalerite occurs as 1 mm, 
euhedral crystals along vein boundaries and predates calcite and galena precipitation.  
The second generation occurs as 100 to 250 micron, anhedral sphalerite crystals 
intimately associated with calcite.  These sphalerite-calcite veinlets parallel the primary 
calcite vein and cross-cut it at 60°, suggesting these veinlets are conjugate pairs and that 
the primary vein may have resulted from extensional forces.  The sphalerite-calcite 
veinlets cross-cut quartz-pyrite veinlets, and are cross-cut by barren quartz veinlets, 
indicating a late-stage carbonate-poor event. 
Silver minerals appear intimately associated with anhedral quartz; both 
mineralization events appear to post-date calcite precipitation.  Anhedral acanthite blebs 
ranging in size from 2 to 60 microns appear dispersed throughout the silicate-rich veinlets 
(Figure 2.19), but only occur along grain boundaries of native silver in the primary vein.  
This could indicate acanthite resulted from the sulfidation of native silver.   Native silver 
formed within the main vein as blebs rimmed by glaucopyrite and lollingite (Figure 
2.20), although the exact relationships between these phases remains unclear. 
The presence of cobalt as a major element in a mineral phase at Batopilas is 
unique to El Caballo Mine based on the findings of this study.  Cobalt and iron arsenides 
have both been observed.  The minerals of this class include glaucopyrite and lollingite 
from the safflorite-lollingite series.  Glaucopyrite occurs as distinct, isolated, radiating 
laths as well as halos around native silver blebs.  The lack of definitive relationships 
between native silver and the cobalt and iron arsenides results in various interpretations.  
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The dominant features observed in this study indicate that native silver most likely 
precipitated before the cobalt and iron arsenides.  Native silver occurs with glaucopyrite 
lathes radiating outwardly and lollingite halos surrounding the glaucopyrite.  Also, 
glaucopyrite-lollingite can be seen to cross-cut native silver (Figure 2.21).  The lack of 
three-dimensional constraints in thin section also means it is possible that native silver 
and quartz precipitated in pore spaces within the vein, and thus native silver precipitated 
after glaucopyrite-lollingite.  Also, whereas glaucopyrite-lollingite appears disseminated 
at times, the native silver and acanthite appear structurally controlled along 
microfractures with quartz infill.  Regardless, the arsenides and silver-bearing phases 
represent distinct events, and post-date sphalerite precipitation, as indicated by cross-
cutting relationships.  Using traditional petrography, secondary cobalt- and iron-bearing 
phases can be observed, including cobaltlotharmeyerite and ferrilotharmeyerite.  These 
phases most likely represent alteration of primary glaucopyrite and lollingite, 
respectively, by an oxidizing fluid.  These phases occur along boundaries and fractures in 
the primary minerals, especially where the primary minerals appear highly broken-up and 
where adularia is present. 
 In summary, quartz-pyrite veinlets predate the veins associated with native silver 
precipitation.  The base-metal sulfides at El Caballo Mine appear to represent the earliest 
metallic mineral phases in silver-bearing veins, followed by the cobalt and iron arsenides 
and silver minerals themselves.  Type I calcite precipitated as the dominant gangue 
mineral associated with the base-metal sulfides.  Sphalerite and calcite each have two 
distinct generations as indicated by morphology and cross-cutting relationships.  Quartz 
most likely precipitated alongside native silver and possibly acanthite.  Acanthite formed 
as the result of native silver replacement.  A later reactivation event involved an 
oxidizing fluid as indicated by the alteration of cobalt and iron arsenides. 
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La Cobriza & Others 
North of the historic Batopilas Mining District lies La Cobriza Mine, as well as 
several drilling projects conducted by MAG Silver Corp.  Although this area lies outside 
the historic Batopilas Mining District, the carbonate veins present appear to have a 
similar paragenesis.  At La Cobriza Mine, 20-cm wide quartz veins occur within pyritized 
quartz porphyry.  La Cobriza (literally “the copper”) Mine contains significantly higher 
copper contents and no observed silver.  The copper can be observed in hand-sample as 
secondary copper minerals along fractures and weathered surfaces (Figure 2.22).   
Although quartz is the dominant gangue mineral at this mine site, calcite is also 
present.  As with other sites in the Batopilas Mining District, calcite and the base-metal 
sulfides precipitated relatively early in the vein system.  Although sphalerite appears to 
have formed first, galena has been observed to be cross-cut and included within sphalerite 
that is in turn cross-cut and replaced by galena.  This implies that sphalerite and galena 
formed contemporaneously.  The quartz present appears to post-date calcite, although 
multiple generations of both gangue minerals are present. 
The road cut leading to drill sites exposes a highly weathered vein consisting of 
quartz, calcite, fluorite, barite, galena, anglesite, and plattnerite cross-cutting the 
Batopilas Formation (Figure 2.23).  This locale is the only one from this study in which 
fluorite and barite were observed in-situ, although barite cobbles were observed in the 
Arroyo del Caballo.  No sphalerite or silver minerals were observed in any samples 
collected from this site, but bulk sampling of this vein yielded silver values greater than 
11,000 g/t (MAG Silver Corp, Sept 2007 press release, www.magsilver.com, 2011).  
Anglesite replacement of galena was observed, followed by anglesite replacement by 
plattnerite. 
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No silver minerals were observed in the three petrographic sections prepared from 
the drill-cores sampled.  One example of sphalerite-galena-calcite veins was intersected 
at drill-hole BA08-24, and shows galena replacement of sphalerite (Figure 2.24).  Drill-
hole 21 intersected host rocks relatively unaltered by the chlorite-actinolite alteration 
event commonly observed in the Batopilas Formation.  Augite and plagioclase can both 
be readily observed in these drill cores.  The rock appears to be 70% augite, 15% 
plagioclase (anorthite), and 15% quartz, although the quartz could have formed as the 
result of silicification.   
Unlike the altered Batopilas Formation commonly observed, these rocks show 
significant replacement not only by pyrite, but also locally by sphalerite and galena 
(Figure 2.25 and Figure 2.26).  BA-08-21 confirmed a 61-meter mineralized zone, 
including 3.8 meters averaging 90 g/t Ag, 2.6% Pb, and 3.0% Zn (MAG Silver Corp, 
May 2001 press release, www.magsilver.com, 2011).  These base-metal sulfides appear 
intimately intergrown, with pyrite most likely precipitating first.  Sphalerite in the host-
rock occurs as anhedral masses unlike the subhedral to euhedral dodecahedrons observed 
in vein materials.  This sphalerite precipitated contemporaneously or shortly after pyrite 
as indicated by its high iron content and the presence of pyrite blebs throughout the 
sphalerite grains.  Galena either occurred later or as a minor phase.  These cores could 
intercept massive-style replacement of the submarine, andesitic volcanics from the 
Batopilas Formation. 
CONCLUSIONS 
 Notable mineralogical discoveries from this work include the identification of 
lollingite and glaucopyrite, plattnerite, fluorite, and adularia in the calcite veins, and of 
augite fragments within early quartz-pyrite veins.  Using EDS methods, the lack of the 
following mineral-forming elements in the system has also been noted: bismuth, 
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antimony, and nickel, i.e. none of these elements has been observed in any minerals 
studied, which does not support Batopilas as a “five-element vein system”.  In addition, 
neither safflorite proper nor laumontite, two minerals cited to occur in abundance in the 
Batopilas Mining District, were present in the samples studied.  Other discoveries include 
the characterization of more massive mineralization versus vein mineralization, presence 
of multiple, distinct generations of calcite and sphalerite, the presence of lollingite 
replacement of arsenopyrite, and the identification of acanthite as a post-silver 
replacement product associated with late-stage pyrite. 
Confirmations made through this study include the presence of cobalt and iron-
arsenides, the presence of native silver in quartz veinlets, silver minerals formed after the 
local cessation of base-metal precipitation, the contemporaneous mineralization of base-
metal sulfides with both calcite and quartz, the broad association of sphalerite with 
galena, and the presence of multiple generations of pyrite.  Molybdenite has been 
confirmed in early quartz veins. 
 District-level relationships for silver-mineral precipitation, arsenic-bearing 
minerals, oxidation and the presence of adularia have been summarized in Figure 2.27, 
Figure 2.28, and Figure 2.29.  Sphalerite and galena appear to occur district-wide, 
although the relative abundances vary locally.  Silver minerals include proustite, native 
silver, and acanthite.  Arsenic-bearing minerals include glaucopyrite, lollingite, and 
proustite.  Although oxidation-related minerals most likely formed long after ore 
mineralization, this diagram includes the presence of goethite, anglesite, plattnerite, and 
secondary copper minerals.  The presence of hydrothermal adularia was also 
documented.  These figures show all samples from a mine or vein even if the material of 
interest was present in any one sample.  Additionally the “holes” in these diagrams most 
likely do not represent actual gaps in mineral zonation, but rather represent the 
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unavailability of materials for specific locations.  Historically many mines found within 
these gaps have been known to at least produce silver minerals in the forms of native 
silver and acanthite.  The gaps in arsenides and adularia distribution may or may not 
represent the anthropogenic result of mining activities. 
 Although the intimate association of native silver with cobalt-nickel arsenides 
noted by Krieger (1935) has not been confirmed by this study, from these generalized 
trends, the association of Ag and As can be supported.  Although lollingite is not the only 
variety from the lollingite-safflorite series observed, lollingite is the most common and 
widespread arsenide mineral identified by this study.  The iron-cobalt arsenide, 
glaucopyrite, was the only cobalt-bearing mineral identified, and only at El Caballo Mine 
in the western part of the district.  Glaucopyrite appears spatially related to native silver, 
and the formation of lollingite appears to post-date it. Arsenopyrite appears to be the first 
arsenic-bearing minerals to form in the district as it has been observed to replace galena 
from the early base-metal phase of mineral precipitation.  The last stage of silver 
mineralization consists of acanthite replacement of proustite and native silver. 
 One possible model for native silver mineralization at Batopilas includes the 
successive depletion of sulfur and arsenic by base-metal sulfide and arsenide 
precipitation, which could then result in the precipitation of native silver.  This process 
does not gain support from observations made in this study, such as the replacement of 
proustite and native silver by acanthite.  However, based on information from Roland 
(1970) regarding the stability fields of silver phases, another mechanism that could 
potentially account for native silver precipitation after or during proustite and prior to 
acanthite formation would be an increase in temperature.  Proustite will form in 
equilibrium with native silver at temperatures less than 227°C.  However, at temperatures 
greater than 190°C, the proustite-native silver system is unstable compared to an 
  46 
acanthite-arsenic system.  Therefore, proustite-native silver observed together at Santo 
Domingo, for example, may have begun to form at lower temperatures as the system 
began to cool.  The precipitation of acanthite relates to a later thermal event that reheated 
the system, making proustite-native silver thermodynamically less stable.  In addition, the 
monoclinic dimorph to trigonal proustite, xanthoconite, is only stable at temperatures less 
than 202°C.  Similarly, argentite, the cubic dimorph of acanthite, is only stable at 
temperatures greater than 176°C.  Argentite does not occur in a metastable form below 
this temperature, meaning that any silver sulfide identified represents primary acanthite 
or acanthite pseudomorphs of argentite crystals.  Additional geothermometry could be 
implemented in future studies, including the characterization of Ag2S macroscopically as 
cubic argentite or truly primary, monoclinic acanthite crystals, and the determination of 
proustite-xanthoconite symmetry using the EBSD method.  If the proustite identified in 
this study actually has a monoclinic crystal structure, then that would indicate that 
temperatures of the system at that time and location did not exceed about 200°C.  If 
primary acanthite crystals showing non-cubic habits occur, then a low-temperature 
system is indicated. 
A summary of my paragenetic findings can be found in Figure 2.30.  The vein 
mineralization associated with the Tahonas Porphyry Copper system, massive-
replacement mineralization, and host-rock alteration events have not been included.  The 
quartz-pyrite-molybdenite veins formed before the onset of silver-bearing carbonate vein 
formation.  The timing of the massive-replacement style Pb-Zn-Ag mineralization event 
is unknown.   Also, glaucopyrite and lollingite most likely formed towards the end of the 
silver-bearing mineralizing system.  All mineralization after these phases could represent 
a distinct event from the silver-bearing carbonate vein system. 
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Table 2.1: Mineral and alteration abbreviations used throughout illustrations 
 
Mineral/Alteration Chemical Formula Abbreviation
Acanthite Ag2S ac
Adularia KAlSi3O8 ka
Anglesite PbSO4 an
Anorthite CaAl2Si2O8 pl
Arsenopyrite FeAsS as
Augite Ca(Ti2+,Al)(Si,Al)2O6 cx
Barite BaSO4 ba
Calcite CaCO3 ca
Chalcopyrite CuFeS2 cp
Cobaltlotharmeyerite Ca(Co,Fe3+)2(AsO4)2*2(H2O,OH) cm
Ferberite Fe2+WO4 fe
Ferrilotharmeyerite CaFe3+2(AsO4)2*2(H2O,OH) fm
Fluorite CaF2 fl
Galena PbS ga
Glaucopyrite (Fe,Co)As2 gl
Goethite FeO(OH)*nH20 go
Hematite Fe2O3 hm
Ilmenite Fe2+TiO3 il
Lollingite FeAs2 lo
Molybdenite MoS2 mo
Plattnerite PbO2 pt
Proustite Ag3AsS3 pr
Pyrite FeS2 py
Quartz SiO2 qz
Rutile TiO2 rt
Silver Ag Ag
Sphalerite ZnS sl
Argillitization Host Rock Alteration arg
Chlorite-Actinolite Host Rock Alteration chl
Pyritization Host Rock Alteration pyr
Sericitization Host Rock Alteration ser
Silicification Host Rock Alteration sil  
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Figure 2.1: Representative fluorescent response of vein calcites to UV light after Mills & Kyle (2011). 
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Figure 2.2: Sample Localities by Mine or Site 
 
(A) Northing versus Easting, (B) Elevation versus Easting, and (C) Elevation versus Northing 
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Figure 2.3: Calcite morphologies types and generations, Santo Domingo Mine, BT09-03. 
 
(A-B) Two distinct, type I calcite generations showing anhedral, white crystals and related fluorescence, 
(C-D) type I coarse-grained, pink calcite and related fluorescence, and (E) type II gray, scalenohedron 
calcite. 
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Figure 2.4: Hand-sample of galena- & lollingite-bearing calcite vein, San Antonio Mine, BT09-48. 
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Figure 2.5: BSE image of massive-style mineralization, San Antonio Mine, BT09-41. 
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Figure 2.6: BSE image and EDS element maps for lollingite vein mineralization, San Antonio Mine, BT09-
48. 
  
(A) BSE image, EDS maps of (B) Ca, (C) K, (D) Al, (E) Si, (F) O, (G) As, (H) Fe, (I) S, and (J) Zn 
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Figure 2.7: Photomicrographs of base-metal sulfides, Santo Domingo Mine, BT09-03. 
 
(A) reflected light view of sphalerite replacing pyrite adjacent to wall-rock, (B) BSE image of fractured 
sphalerite with calcite infill, (C) reflected light view of galena-arsenopyrite-calcite mutual inclusion, and 
(D) BSE image of galena-arsenopyrite-calcite mutual inclusion 
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Figure 2.8: Massive-style mineralization, San Antonio Mine, BT09-41. 
 
(A) BSE image showing the relationship of galena, arsenopyrite, and lollingite, (B) reflected light view of 
euhedral quartz with arsenopyrite-lollingite inclusions 
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Figure 2.9: Reflected light view of a silver-bearing quartz-calcite vein, La Nevada Nueva Mine, BT09-43. 
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Figure 2.10: Photomicrographs of non-native, silver minerals, Santo Domingo Mine, BT09-03. 
 
(A) Transmitted light view of proustite-bearing quartz vein, (B) Reflected light view of proustite-bearing 
quartz vein, (C) reflected light view of calcite & chalcopyrite inclusion in proustite, (D) BSE image of 
calcite and chalcopyrite inclusion in proustite, (E) BSE image of acanthite replacing proustite, (F) BSE 
image of pyrite replacing acanthite, (G) BSE image showing proustite-pyrite veinlet, and (H) Reflected 
light view of pyrite replacing proustite to the bottom, and fractured euhedral, pyrite associated with the 
wall-rock. 
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Figure 2.11: BSE image and EDS maps of native silver, La Nevada Nueva Mine, BT09-43.  
(A) BSE image, EDS maps of (B) S, (C) Ag, (D) Si, (E) Ca. 
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Figure 2.12: Photomicrographs of quartz-calcite vein thick section, Porfirio Diaz Mine Tunnel, BT09-33. 
 
(A) Type I quartz and type I calcite in transmitted light with crossed-polars, and (B) type I quartz, type I 
calcite, and type II quartz towards vein interior in transmitted light with crossed-polars. 
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Figure 2.13: Photograph and photomicrographs of quartz-calcite veins cross-cutting the Dolores Diorite, 
BT09-12. 
 
(A) Photograph showing quartz-calcite contact with the mildly chlorite-altered Dolores Diorite, (B) 
photomicrograph showing galena adjacent to type I quartz in reflected light with crossed-polars, and (C) 
photomicrograph showing type I quartz with type I calcite infill. 
  60 
 
 
he
he
he
qz
qz
qz
ca
he
ca
hechl
C.A.
B. D.
 
 
Figure 2.14: Photographs and photomicrographs of hematite-bearing calcite vein, Porfirio Diaz Mine 
Tunnel, BT09-30. 
 
(A) Type II calcite with hematite, (B) Cross-sectional view of type II calcite with hematite, (C) hematite 
association with quartz in thick section using transmitted light with crossed-polars, and (D) bladed nature 
of hematite in thick section using transmitted light. 
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Figure 2.15: Sphalerite-rich calcite vein, Todos Santos - Penasquito Level, BT09-58. 
 
(A) Photograph of thick section showing brown sphalerite adjacent to wall-rock on the right and yellow-
orange sphalerite towards the vein interior on the left, and (B) photomicrograph showing the respective 
relationships of the sphalerite to galena and lollingite. 
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Figure 2.16: BSE photomicrograph of fractured calcite vein with native silver infill, Pastrana Mine, BT09-
45. 
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Figure 2.17: BSE image and EDS maps of metallic phases, Patrana Mine, BT09-45. 
 
(A) BSE image, EDS maps of (B) Zn, (C) O, (D) Ag, (E) Pb, and (F) S. 
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Figure 2.18: Cross-cutting vein relationships, El Caballo Mine, BT09-13. 
 
(A) Type I sphalerite adjacent to type II calcite in the main vein, and (B) type II sphalerite and calcite 
cross-cutting quartz-pyrite veinlet and being cross-cut by barren quartz veinlet. 
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Figure 2.19: BSE images of glaucopyrite-bearing calcite vein, El Caballo Mine, BT09-13. 
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Figure 2.20: BSE image and EDS maps of native silver with cobalt and iron arsenide halos, El Caballo 
Mine, BT09-13. 
 
(A) BSE image, and EDS maps of (B) Ca, (C) Si, (D) Ag, (E) As, (F) Co, (G) Fe, and (H) S 
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Figure 2.21: BSE image and EDS maps of cobalt and iron arsenides cross-cutting native silver, El Caballo 
Mine, BT09-13. 
 
(A) BSE image, and EDS maps of (B) Ca, (C) Ag, (D) Co, (E) Fe, and (F) S. 
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Figure 2.22: Photograph of secondary, oxidized copper mineralization in massive quartz, La Cobriza Mine, 
BT09-52. 
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Figure 2.23: BSE image and EDS maps of weathered vein, Road Cut 1, BT09-54. 
 
(A) BSE image, and EDS maps of (B) Si, (C) Pb, (D) O, (E) S, and (F) C. 
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Figure 2.24: Drill-core intercept of carbonate vein, northern Batopilas Mining District, Drill-core BA08-24-
322. 
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Figure 2.25: Photograph of massive-replacement style mineralization, northern Batopilas Mining District, 
Drill-core BA08-21-49 
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Figure 2.26: Massive-replacement style mineralization, northern Batopilas Mining District, Drill-core 
BA08-21-49. 
 
(A) BSE image of anorthite included in pyrite, (B) BSE image of  pyrite replacement by sphalerite and 
galena, (C) sphalerite with pyrite in reflected light, (D) base-metal replacement relationships in reflected 
light, (E)  BSE image of base-metal replacement relationships, and (F) pyrite fracture infill by galena in 
reflected light 
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Figure 2.27: Regional mineralogy patterns based on mine or site, Northing versus Easting. 
 
(A) silver-bearing minerals (pr, Ag, ac), (B) adularia, (C) arsenide minerals (lo, co), and (D) oxides and 
sulfates (pt, hm, go, an, ba) 
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Figure 2.28: Regional mineralogy patterns based on mine or site, Elevation versus Easting. 
 
(A) silver-bearing minerals (pr, Ag, ac), (B) adularia, (C) arsenide minerals (lo, co), and (D) oxides and 
sulfates (pt, hm, go, an, ba) 
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Figure 2.29: Regional mineralogy patterns based on mine or site, Elevation versus Northing. 
 
(A) silver-bearing minerals (pr, Ag, ac), (B) adularia, (C) arsenide minerals (lo, co), and (D) oxides and 
sulfates (pt, hm, go, an, ba) 
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Figure 2.30: Generalized paragenetic sequence for the Batopilas Mining District. 
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Chapter 3:  Sulfur Isotopes 
INTRODUCTION 
Seal (2006) provides a recent review summarizing the concepts related to 
applications of sulfur isotope studies.  Sulfur has four stable isotopes, 32S, 33S, 34S, and 
36S.  The two most abundant isotopes, 34S and 32S, are commonly measured in various 
fluid and mineral phases to assess processes that have affected natural systems.  
Convention is to report these data relative to the Canyon Diablo Troilite (CDT) standard 
in the following way to give δ34SvCDT. 
 
δ34SvCDT = [(34S/32S)sample/(34S/32S)CDT)-1]*1000 
 
For all further discussion, δ34SvCDT will simply be written as δ34S, and subscripts, when 
present, will be used to indicate the mineral phase sampled. 
In the case of ore geology, sulfur isotopes measured for contemporaneous sulfur-
bearing pairs that represent equilibrium conditions can be used to determine fluid 
temperatures (Rye & Ohmoto, 1974; Campbell & Larson, 1998).  Although sulfide-
sulfate pairs have the greatest temperature dependence, they do not occur in equilibrium 
below 300°C (Ohmoto & Lasaga, 1982). Within the common sulfide species, galena and 
pyrite have the greatest temperature dependence.  However, as pyrite can form over a 
wide range of conditions and time intervals, it can be difficult to determine which grains 
formed contemporaneously with other mineral species.  Sphalerite and galena pairs have 
been shown to be an effective geothermometer as these sulfides have a strong 
temperature dependence of fractionation and commonly occur together. 
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In addition, certain δ34S measurements can give information on a likely source for 
sulfur when put into a geological context.  The three major sulfur reservoirs for 
hydrothermal systems are magmatic sulfur, marine sulfate, and sedimentary sulfides.  In 
general, a range of δ34S values from -3 to +3 per mil has been interpreted as sulfur 
derived from magmatic origins for the appropriate geologic setting (Ault & Williams-
Jones, 2004; Ohmoto & Rye, 1979).  These values are attributed to the fact that at higher 
temperatures, fractionation of sulfur is not preferential among the melt or fluid and that 
sulfur in melts more closely resemble troilite from the Canyon Diablo meteorite.  This is 
especially the case for more primitive, mafic melts with δ34S values near 0.  Granites tend 
to have a higher degree of variability, commonly attributed to origin by melting of or 
contamination by continental crust. 
Marine sulfates generally have highly positive δ34S values, primarily due to 
preferential removal of 32S from the oceans because of biogenic processes.  In addition, 
sulfur isotopes do not appreciably fractionate during precipitation of sulfate minerals 
from sedimentary brine (Thode & Monster, 1965).  Marine sulfate does not have constant 
values, because of the variance of sulfur introduced to the system by sedimentation and 
bacterial activity through geologic time.  Relative to the Batopilas geologic setting, 
marine sulfate during the Jurassic and Early Cretaceous had δ34S values of approximately 
+17 per mil and decreased to +14 per mil approximately 120 Ma before steadily 
increasing to +22 per mil at 20 Ma (Claypool et al., 1980).  Similarly, deeply-circulated 
brines are generally enriched in 34S (Boyle et al., 1976). 
Accordingly, δ34S values that vary greatly in range and show predominantly 
negative signatures have been interpreted as biogenic or sedimentary in origin (Campbell 
& Larson, 1998; Ohmoto & Rye, 1979).  Biogenic or sedimentary sulfides contain higher 
concentrations of 32S, because bacteria expend less energy converting 32S in sulfate ions 
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to hydrogen sulfide than more strongly oxygen-bonded 34S.  This increased concentration 
in 32S results in lighter, or more negative, δ34S values (Faure & Mensing, 2005).  The 
large variability in values relates to the rate of sulfate reduction, and biogenic 
mechanisms for sulfate reduction, such as the degree to which a system is open or closed 
to sulfate.  As a generality, open systems result in lighter isotope signatures for 
sedimentary sulfides, whereas closed systems result in more positive δ34S values, because 
bacteria progressively reduce heavier sulfate to H2S (Campbell & Larson, 1998).  These 
general mechanisms are not always possible to assess in ore systems because of the 
potentially complex nature of source rocks, fluid mixing, and biogenic activity (Rye & 
Ohmoto, 1974). 
RESULTS 
Sulfur isotope ratios were measured at the Department of Geological Sciences 
Stable Isotope Research Facility at Indiana University using an isotope ratio mass 
spectrometer, and had an analytical reproducibility better than ±0.2 ‰.  The sample suite 
includes samples from across the Batopilas Mining District for a variety of sulfur-bearing 
minerals, including pyrite, molybdenite, sphalerite, galena, and barite.  Samples were 
selected to represent a diverse suite based on district distribution and mineral phase.  For 
a detailed methodology, refer to Appendix D-I. 
The δ34S values from pyrite, molybdenite, sphalerite, galena, and barite are -5.1 to 
+2.7, +2.4, -7.7 to -0.1, -10.5 to -1.6, and +8.6 to +9.2, respectively, for an overall per mil 
range of -8.1 to +9.2.  Please refer to Table 3.1 and Figure 3.1 for a summary of results. 
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DISCUSSION & INTERPRETATION 
Sulfur Sourcing 
The values from this district-wide sample suite show a wide range centered about 
0 per mil.  Of the analyzed mineral phases, pyrite and molybdenite occur in 
predominantely quartz gangue, and most likely represent an early mineralization event in 
the history of Batopilas associated with the intrusion of the Tahonas quartz-monzonite.  
This event is temporally and genetically separate from precipitation of sphalerite and 
galena in the carbonate veins in the Batopilas Mining District.  The wide-range of 
generally negative δ34S values for the sphalerite and galena implies sulfur for the system 
mainly originated in a heterogenous sedimentary source, as would be expected in a 
turbidite or volcanoclastic sequence in a rift basin.  Lastly barite most likely represents a 
late-stage of mineralization and is associated with an oxidizing environment or fluid, 
possibly groundwater or a sedimentary brine. 
The complex relationships between sphalerite and galena throughout the district 
make tracking the source of sulfur difficult even when clear textural relationships are 
present.  For example, in the core sample, BA08-24-322, sphalerite precedes galena 
formation as indicated by replacement along fractures and grain boundaries (Figure 2.24).  
Therefore even if the sphalerite and galena formed from chemically and thermally similar 
yet distinct fluids, the preexisting sphalerite would likely contribute some sulfur to the 
precipitating galena, resulting in similar δ34S values as in this case (δ34Sga = -6 and δ34Ssl 
= -5.6).   The true δ34Sga for this particular galena could possibly have been more 
negative than observed in the data had sulfur not been leached from preexisting 
sphalerite. 
The best approximations for fluid sourcing and sulfur zonation occur in data for 
samples in which replacement processes seem minimal or in equilibrium.  More 
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specifically, the galena samples showing little to no replacement of sphalerite or pyrite 
are the only ones that can be considered to have precise δ34Sga values for reasons 
previously discussed.  The samples that appear most reliable for such data include BT09-
08, BT09-12, BT09-33, BT09-41, BT09-54, and BT09-59.  As pyrite and molybdenite 
occurred early in the system and did not appear to replace other sulfides in these samples, 
the values obtained for these minerals are assumed to represent the sulfur isotopic 
composition of the magmatic-hydrothermal fluids that deposited them.  Barite, a late vein 
phase may represent a different, oxidized sulfur source from the earlier sulfides, although 
the sulfate could have formed from the local oxidation of reduced sulfur.   Evidence for 
sphalerite replacement of galena or other sulfides is rare, and therefore sphalerite 
probably did not assimilate significant sulfur from previously deposited sulfides.  
Therefore, δ34Ssl values have also been interpreted as representing accurate sulfur isotopic 
compositions for the mineralization fluid. 
Pyrite I from sample CH08-10 occurs as primary mineralization in the form of 
evenly distributed and isolated cubic crystals within a siliceous mud matrix, and has a 
δ34Spy value of -5‰.  The pyrite in this sample therefore appears to have a diagenetic 
origin.  Some secondary pyritization also appears to have occurred as patches within the 
same sample.  Because of the small size of the quartz-pyrite veinlet samples and fine-
grained, anhedral nature of the patchy material, a vast majority, if not all, of the pyrite 
sampled represent the isolated and easily separated pyrite crystals.  The negative value 
for this pyrite sample is consistent with sulfur sourced from the immediately surrounding 
pelagic sediments during primary formation.  Pyrite II from core samples BA08-21-39.5 
and BA08-21-39.5 appear to represent massive replacement-style mineralization.  These 
pyrite values are narrow in range with δ34Spy values centered about 0‰.  The slightly 
more positive character of this material is consistent with mixing of sulfur from a 
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magmatic source with sulfur reduced from seawater sulfate.  Pyrite III sampled from a 
quartz vein cross-cutting the Batopilas Formation (BA08-22-506.5) had a δ34Spy value of 
+3‰, similar to the δ34Smo for analyzed molybdenite of +2‰. 
As only one sample of molybdenite was analyzed, it is difficult to determine the 
source of its sulfur.  However, molybdenite does not appear to replace any other sulfides, 
suggesting that the δ34Smo of +2‰ represents the sulfur isotopic composition of the 
mineralizing fluid.  Wilkerson (1983) associated quartz-pyrite-molybdenite veins with an 
early magmatic event associated with the Tahonas copper porphyry system.  Therefore it 
would seem plausible that both the pyrite and molybdenite represent an early stage of 
mineralization in the Batopilas Mining District, during which sulfur had a magmatic 
source.  This early timing is confirmed by a rhenium-osmium date for molybdenite of 84 
Ma (Lyons et al., 2012).  Barite, with the most positive δ34S values, likely represents the 
oxidation of reduced sulfur late and high in the carbonate vein system. 
Excluding samples for which there is textural evidence for galena replacement of 
sphalerite, the δ34Sga appears to have a consistently negative character, with a range of -
5‰ to -8‰, with an average of -6‰ (Figure 3.1).  In cases where galena appears to occur 
predominantly as sphalerite-replacement, the resulting δ34Sga values can only be 
considered the heaviest possible sulfur isotopic composition as they represent a mixing of 
sulfur from the galena-precipitating fluid with the sulfur isotopic composition of the 
replaced sulfide.  In the absence of evidence for direct microbial production of light δ34S 
reduced sulfur, this implies sourcing of sulfur for galena precipitation from a sedimentary 
source rock with diagenetic sulfides with light δ34S values.   
In samples from the Santo Domingo Mine, most of the largest grains of sphalerite 
in the sample are fractured, with infill consisting entirely of calcite (Figure 2.7B).  In 
addition, many galena crystals do not appear to have direct contact with sphalerite.  The 
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δ34Sga and δ34Ssl values are -7‰ and -1‰, respectively.  Interestingly enough, the δ34Sga 
value is similar to that of BA08-24-322, whereas the δ34Ssl appears much heavier.  This 
observation could indicate (1) that δ34Ssl values represent two different sphalerite 
generations or a spatial zonation, or (2) that the δ34Sga value for BA08-24-322 must be 
highly negative assuming some sulfur was sourced from the preexisting sphalerite.  
Based on observations of at least two distinct generations of sphalerite discussed in 
Chapter 2, the most likely explanation is that the near-zero δ34Ssl values in the Santo 
Domingo samples represent a spatially or temporally distinct sulfur-source from those 
observed in BA08-24-322. 
In general δ34Ssl values from the San Miguel Vein Group appear less negative than 
those from the Roncesvalle-Todos Santos Vein Group.  Additionally, δ34Ssl values from 
north of the Batopilas Mining District appear even more negative in character.  This 
zonation pattern may reflect fluid interaction with successive sulfur reservoirs.  For 
example, if the fluids originated to the north at higher elevations, moved down along the 
Roncesvalles Fault, and reached the San Miguel Vein Group last, then mixing with a 
sedimentary or deeply circulated brine could explain the successively heavier signatures 
as these are generally enriched in 34S (Boyle et al., 1976).  However, the δ34Sga values do 
not show this same zonation pattern.  Although the most negative δ34Sga values occur to 
the north, the averages for each of the regions appear similar. 
Comparing sphalerites from the lower level of the Todos Santos Vein (BT09-20) 
with the upper Todos Santos - Penasquito Level (BT09-58), δ34Ssl values become heavier 
with increasing elevation, northing and easting.  The northeast-trending Roncesvalles 
Fault cross-cuts the Todos Santos Vein (Wilkerson, 1983; Wilkerson et al., 1988), 
possibly resulting in the influx of heavier δ34S groundwater or brines along the fault 
during reactivation of the Todos Santos Vein.  As the 34S-enriched waters mixed with 
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sedimentary sulfur, the resulting later-stage or stratigraphically higher sphalerites would 
take on a more positive isotopic signature.  If the proportion of mixing decreased down-
dip along the fault, the lower levels would be expected to have the lighter isotopic values 
representative of the Jurassic sedimentary rocks. 
Although the data set is not large, there does not appear to be any strong district 
zonation in δ34S values relative to spatial distribution of samples by mineral, as indicated 
by near-zero slopes (Figure 3.2).  However, pyrites appear slightly lighter to the southeast 
with increasing depth.  Sphalerite and galena both show weak trends, with isotopic 
compositions becoming lighter to the southeast and with increasing depth, thus 
mimicking pyrite isotopic compositional trends.  Sphalerites along the Todos Santos vein 
have more negative δ34S values in the lower levels towards the west-southwest.  Galena 
values do not mimic this trend.  These trends do not support the association of calcite 
vein-hosted mineralization with the Tahonas porphyry copper magmatic-hydrothermal 
system, which occurs in the southwestern quadrant of the district, and would have been 
expected to produce magmatic sulfur-isotopic compositions near 0‰. 
Fractionation Temperatures 
The base-metal sulfides, sphalerite and galena, appear intimately related and both 
predate native silver.  However, evidence for the replacement of sphalerite by galena and 
vice versa would indicate that these mineral phases did not form contemporaneously.  
The potential for multiple generations of both sphalerite and galena suggests that they 
formed as the result of repetitive genetic processes, and thus precipitated from similar 
fluids and sulfur sources.  Therefore sphalerite and galena could potentially be used as a 
geothermometer. 
Fractionation temperatures were calculated using averages of δ34S values for 
sphalerite and galena (Table 3.2), based on methods outlined in Ohmoto & Rye (1979).  
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As galena was observed to replace sphalerite, suggesting the possibility of inherited 
sulfur from the preexisting sulfide, these values could not be used simply in the 
determination of fractionation temperatures.  The integration of the sphalerite isotopic 
signature by that of the galena would result in smaller Δ34Sga-sl values, and thus 
fractionation temperatures would be unreasonably high based on other evidence for a 
hydrothermal system.  However, as sphalerite has been observed to predate and postdate 
galena precipitation, by averaging δ34Ssl values for both generations and comparing this 
value to that of the non-contaminated galena samples, a reasonable fractionation 
temperature of 151 + 25°C can be obtained.  This calculation assumes that, even if the 
minerals did not show strong textural evidence in the form of mutual inclusion suggestive 
of equilibrium precipitation, the mineralizing fluid did not undergo significant changes in 
sulfur fugacity, oxygen fugacity, or pH during vein sulfide mineralization (Rye & 
Ohmoto, 1974). 
 This temperature overlaps reconnaissance fluid inclusion homogenization 
temperatures determined by Wilkerson et al. (1988) that ranged from 170 to 196°C for 
sphalerite and 137 to 257 °C for calcite.  The fractionation temperature is also in 
agreement with homogenization temperatures obtained in this study (see Chapter 5) of 
131 to 235°C for sphalerite, 149 to 182°C for fluorite, and 121 to 165°C for quartz in the 
carbonate veins.  Sulfur fractionation temperatures obtained from individual samples 
(Table 3.3) potentially indicate two separate fluid temperatures, and thus potentially 
indicate two sulfide-mineralizing events. 
As discussed in the previous section, if galena incorporated sulfur from the 
preexisting sphalerite grains that it replaced, then the galena would have a δ34S value 
closely resembling that of the sphalerite.  This would result in a smaller Δ34Sga-sl than 
would otherwise be expected for the same environment had sphalerite replacement by 
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galena not occurred.  In an environment lacking interaction with preexisting sulfides, 
sulfur would have been sourced from the fluid itself to produce galena with isotopic 
values representative for galena. 
Samples BT09-58 and BT09-59 were collected from the same mine and vein 
providing a secondary opportunity.  As galena appears to replace sphalerite in sample 
BT09-58 (Figure 2.15), this material most likely assimilated sulfur and thus the sulfur 
isotopic composition of the preexisting sphalerite.  Sample BT09-59 contains galena, but 
does not seem to contain any sphalerite.  Theoretically, because the galena in BT09-59 
appears isolated from, but related to, sphalerite mineralization observed in BT09-58, and 
assuming the district hydrothermal system approaches an equilibrium state, the δ34Sga 
value from BT09-59 (-6‰) could be compared to the δ34Ssl value from BT09-58 (-1‰).  
However, the resulting fractionation temperature of 102 + 25°C is somewhat low 
compared to other temperature constraints, but might be affected by sampling issues.   
Localized occurrences of intergrown “massive” sphalerite, galena and pyrite 
appear to represent a different type of mineralization than the veins.  These are known 
primarily from intercepts in the upper part of drill hole BA08-21, and are interpreted to 
be a stratabound replacement zone.  The genetic and temporal relationships among the 
Batopilas vein and replacement mineralization is unknown. Sphalerite in this material is 
highly impregnated with pyrite inclusions, implying that sphalerite and pyrite occurred in 
equilibrium.  Galena appears to have occurred along rims and fractures, replacing the 
sphalerite and pyrite.  A galena-pyrite fractionation temperature of 298 ± 25°C was 
obtained for sample BA08-21-39.5, and represents the distinct massive-replacement style 
mineralization also present in the Batopilas Mining District.  This temperature is, 
however, higher than expected for vein materials. 
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Samples BT09-08, BT09-41, and BT09-51 should provide the most accurate 
fractionation temperatures as sphalerite and galena have been observed to occur together.  
The resulting temperatures from these three samples are 72 + 25°C, 153 + 25°C, and 227 
+ 25°C, respectively.  Sample CH08-45 resulted in a homogenization temperature of 230 
+ 25°C.  The temperature obtained from BT09-08 seems lower than anticipated based on 
preliminary fluid inclusion temperatures obtained for sphalerite.  This could have resulted 
from the preferential sampling of late-stage, isotopically heavier sphalerite.  Sample 
BT09-41 provides a temperature consistent with both sphalerite and calcite fluid 
inclusion temperatures.  However, the exact relationship between sphalerite and galena in 
this sample cannot be determined because of their extensive replacement by arsenopyrite-
lollingite.  Sphalerite and galena appear to have both been replaced by the later 
arsenopyrite-lollingite, and therefore do not appear in direct contact.  Sample BT09-51 
shows evidence that galena replaced sphalerite along grain-boundaries and fractures.  The 
slightly high, but not altogether unreasonable, temperature obtained from this sample 
could represent some amount of sulfur isotopic assimilation of the sphalerite by galena. 
Comparing only the samples with apparently reasonable fractionation 
temperatures in relation to spatial distribution (Figure 3.3), some patterns can be 
observed.  First and foremost, temperatures appear to increase with increasing elevation 
and moving to the north.  These trends are in general disagreement with a lateral zonation 
model proposed by Wilkerson et al. (1988) relating Batopilas mineralization to the 
intrusion of the Tahonas quartz-monzonite to the southwest, as the two highest 
temperatures occur at the northern extremities of the Batopilas Mining District.  This is 
also not consistent with the upward cooling of mineralizing fluids typical for vein 
systems. 
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The vein sulfides represented by BT09-51 occur as part of La Cobriza Mine, 
which is known to be dominated by quartz veins rich in copper relative to other mines in 
the district.  If another intrusive system exists to the north, this could explain the general 
trend of increasing temperatures to the north, and would imply the higher fractionation 
temperature obtained at La Cobriza represents a temperature nearer to an intrusion. 
CONCLUSIONS 
The earliest sulfur-fixing process in the Batopilas system is the widespread 
pyritization of the Batopilas Formation.  Pyrite associated with relatively unaltered 
pelagic sediments shows a negative sulfur isotopic nature, consistent with diagenetic 
formation.  Pyrite associated with more massive style of Zn-Pb-Ag mineralization 
appears to show more positive values, an average δ34S value of 0‰. 
In general, early vein sulfide mineralization appears to have sourced sulfur from 
preexisting sedimentary sulfides, as indicated by their predominantly negative values and 
the occurrence of vein mineralization predominantly in pelagic sediments and submarine 
volcanics.  Later sphalerite shows less negative δ34S values.  These values could result 
from various processes, including (1) the mixing of early sulfur from sedimentary rocks 
with sulfur sourced from sedimentary formational waters, or (2) the progressive depletion 
of 32S in a closed system.  In the first case, the expectation would be for sulfur isotopic 
composition to change vertically or laterally with respect to potential fluid sources.  
Based on observations of sphalerites along the Todos Santos Vein, vertically higher 
sphalerite appear isotopically heavier, indicating that isotopic composition most likely 
results from the mixing of sulfur from different sources rather than the progressive 
depletion of sulfur in a closed system.  Also, as most, if not all, veins at Batopilas show 
complex histories indicative of tectonism and reactivation, the likelihood of a closed 
system lasting long enough for such a process to occur is slim. 
  87 
The late-stage precipitation of barite in the system indicates a change in 
environment or fluid sources from a reduced to oxidized environment and the transition 
from sedimentary sulfur to dominance by 34S most likely from brine sulfate. 
Fractionation temperatures obtained from samples showing extensive replacement 
of sphalerite by galena do not appear reasonable for this mineralizing system.  These 
invalid temperatures most likely result from the assimilation of sulfur from sphalerite by 
galena, causing inaccurate values of Δ34Ssl-ga.  In some samples the galena and sphalerite 
appear closely related, showing mutual inclusion or the occurrence of sphalerite before 
and after galena precipitation.  In such samples, reasonable fractionation temperatures 
can be obtained.  This might seem counterintuitive as fractionation temperatures require 
the formation of contemporaneous sulfides that formed in equilibrium.  However, as long 
as the fluid does not drastically change, the two sulfides may form in equilibrium even if 
they do not appear directly related.   
Because of the broad sampling conducted in order to obtain regional information, 
many features observed in sulfur isotopic compositions and fractionation temperatures 
remain inconclusive.  A more detailed sulfur isotopic study of specific veins or features 
would provide more statistically viable data. 
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Table 3.1: δ34S values by mineral  
 
Mineral 
Separate Sample No. Vein Group Vein/Host Material
Material 
Sampled
δ34S vCDT 
corrected
Pyrite I CH08-10
Black pelagic 
sediments euhedral, cubic -5.1
Pyrite II BA08-21-39.5 northern
Replacement-style 
mineralization anhedral 0.0
BA08-21-49 northern
Replacement-style 
mineralization anhedral 0.3
Pyrite II Average 0.1
Pyrite III BA08-22-506.5 northern Quartz-pyrite vein anhedral 2.7
Pyrite Average -0.5
Molybdenite BT09-57
Todos Santos - 
Penasquito Level Quartz-pyrite vein
subhedral, 
sheet-like 2.4
Galena BA08-24-322.1 northern Carbonate vein -6.0
BT09-08 Santo Domingo Mine -6.8
BT09-12
Carbonate vein in 
Dolores Diorite -6.4
BT09-33
Todos Santos - 
Porfirio Diaz Tunnel Carbonate vein -5.5
BT09-41 San Antonio Mine Lollingite-calcite vein -5.4
BT09-51 La Cobriza Mine Carbonate vein -8.1
BT09-54 Drill-core Road Cut 1 Weathered vein -6.9
BT09-59
Todos Santos - 
Penasquito Level Carbonate vein -6.4
CH08-45 -10.5
Galena Average -6.9
Sphalerite BA08-24-322.1 Carbonate vein -5.6
BT09-20 Todos Santos Carbonate vein -3.1
BT09-28
Todos Santos - San 
Roberto Carbonate vein -4.1
BT09-51 La Cobriza Mine Carbonate vein -5.2
BT09-03 Santo Domingo Mine Carbonate vein -0.1
BT09-08 Santo Domingo Mine Carbonate vein -0.7
BT09-41 San Antonio Mine Lollingite-calcite vein -1.4
BT09-48 San Antonio Mine Lollingite-calcite vein -0.8
BT09-58
Todos Santos - 
Penasquito Level Carbonate vein -1.2
CH08-45 -7.7
Sphalerite Average -3.0
Barite BT09-51 La Cobriza Mine Carbonate vein 9.2
BT09-53 Drill-core Road Cut 1 Weathered vein 8.6
Barite Average 8.9  
 
 
Table 3.2: Regional δ34S fractionation temperatures 
 
Mineral 
Phase
Number of 
Samples
District δ34S 
Average* T (°C)
Uncertainty 
(± X °C)^
Sphalerite 10 -2.98 Δ34Ssl-ga 2.81 235 25
Galena 12 -5.79 Δ34Spy-ga 5.92 143 25
Pyrite II 2 0.13 Δ34Spy-sl 3.11 40 55
District Temperatures
* - based on data for minerals from Table 3.1
^ - uncertainties from Ohmoto and Rye (1979)  
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Table 3.3: δ34S fractionation temperatures 
 
Sample No.
Mineral 
separate δ34SvCDT Δ34S
T (°C)
Uncertainty 
(± X°C)^
BA08-21-39.5 galena -3.18
BA08-21-39.5 pyrite -0.04
BT09-08 sphalerite -0.72
BT09-08 galena -6.83
BT09-41 sphalerite -1.42
BT09-41 galena -5.41
BT09-51 sphalerite -5.23
BT09-51 galena -8.12
BT09-58 sphalerite -1.19
BT09-58 galena -2.78
BT09-59 galena -6.36 5.17 102 25
CH08-45 sphalerite -7.67
CH08-45 galena -10.53
25
2.86 230 25
2.89 227
Sample Temperatures
^ - uncertainties from Ohmoto and Rye (1979)
298
6.10 25
153 25
1.59
3.99
25
3.14
402 25
72
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Figure 3.1: δ34S isotope compositional ranges by mineral at Batopilas, Chihuahua, Mexico 
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Figure 3.2: δ34S isotope zonation by mineral, showing (A) δ34S versus easting, (B)  δ34S versus northing, 
and (C) δ34S versus elevation 
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Figure 3.3: Fractionation temperature in space showing (A) temperature versus easting, (B) temperature 
versus northing, and (C) temperature versus elevation 
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Chapter 4:  Lead Isotopes 
INTRODUCTION 
Principles 
Lead isotopic studies require an understanding of radioactive decay that results in 
a majority of the lead isotopes.  204Pb represents a nonradiogenic lead that does not form 
as a daughter product of radioactive decay, and therefore remains constant through time.  
206Pb, 207Pb, and 208Pb each result from the decay of different parent atoms, 238U, 235U, 
and 232Th, respectively.  Radioactive decay rates remain constant throughout time, and 
therefore can provide time constraints for some geologic processes.  With knowledge of 
the concentrations of each isotope and using radioactive decay rates, the duration since 
the process was initiated can be calculated assuming the system remained closed.  This 
technique finds most application to minerals with significant U-Th content. 
Based on the radioactive decay of U-Th, various global reservoir models have 
been developed.  Stacey and Kramer (1975) developed a model for ore deposits that 
proposed a two-stage process rather than resulting from a simple evolutionary process.  
From 4.57 to 3.70 Ga the primeval lead reservoir contained fixed and homogenized U/Pb 
and Th/Pb values.  However, at 3.70 Ga, the reservoir changed, resulting in higher values 
of U/Pb and Th/Pb.  Doe & Zartman (1979) developed the plumbotectonics model based 
on the bidirectional transport of lead between the crust and mantle.  This model was 
further developed by Zartman & Doe (1981) resulting in the lead evolution curves for 
four global lead reservoirs, including the upper mantle, the lower crust, the upper crust, 
and the orogene.  The orogenic lead evolution curve represents the empirical best-fit to 
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galena ores, and represents the short-lived mixing and redistribution of components 
between the mantle, lower crust, and upper crust expected in an orogenic belt. 
Because galena contains no U-Th, when galena precipitates radioactive decay 
ceases.  Therefore galena cannot be accurately used to determine age constraints without 
an appropriate model and well-defined source.  However, galena can provide information 
on the mineralizing fluid and lead sources, because it records the lead isotopic 
composition at the time of deposition.  In addition, lead isotopes have application in ore 
geology as a tracer for lead sourcing.  By proxy, such studies have also been used in the 
determination of sourcing for other base and precious metals.  The most common ore 
mineral for lead isotope studies, galena, does not integrate uranium or thorium into its 
structure, and therefore the lead isotopic composition of galena represents the isotopic 
composition of the lead source from which it formed.  Lead for ore mineralization can 
generally be traced back to an unaltered source-rock with similar lead isotopic values. 
Potential Sources 
The potential sources for lead and, by proxy, other metals, include the Jurassic 
deep-marine sediments and volcanics, intermediate to felsic intrusions, and the 
Precambrian basement.  Lead isotopic data do not exist for the sedimentary rocks in the 
Batopilas Mining District, thus whole-rock lead isotopic composition of Pacific Ocean 
pelagic sediments and manganese nodules (Chow & Patterson, 1962; Reynolds & Dasch, 
1971) have been chosen as a proxy.  Data was selected based on a limited latitudinal, 
longitudinal range associated with Central America that is interpreted to sample the 
eroded Sierra Madre Occidental.  The 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values 
range from 18.676 to 18.878, 15.607 to 15.650, and 38.576 to 38.836 for the pelagic 
sediments, and 18.772 to 18.891, 15.663 to 15.812, and 39.073 to 39.480 for the 
manganese nodules, respectively. 
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Although regional data exists for the extensive volcanic sequences that cover the 
Sierra Madre Occidental (McDowell et al., 1999), lead isotopic data do not exist for the 
85 Ma to 55 Ma, intermediate to felsic intrusions observed in the Batopilas Mining 
District.  Therefore, a proxy has also been chosen to represent these materials.  Barreiro 
et al. (1984) presented lead isotope data for andesite lava flows and rhyolite ash flows 
that represent the Eocene volcanics observed in the Batopilas Mining District.  Although 
the specific rock descriptions are not provided by Barreiro et al. (1984), it appears that 
these sample values represent the Oligocene Casas Coloradas Formation and the 
Yerbanis Formation, consisting predominantly of extrusive intermediate to felsic tuffs 
and ignimbrites with interbedded andesitic flows.  As these volcanics have been 
interpreted to represent a similar magma source to older intrusions (Wilkerson, 1983), 
they have been selected as a proxy for the earlier intrusions that were emplaced between 
85 and 55 Ma.  The 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values for the volcanic rocks 
at Batopilas range from 18.847 to 18.889, 15.590 to 15.648, and 38.535 to 38.691, 
respectively. 
The Guerrero Terrane to the south of Batopilas has been interpreted to represent a 
volcanic arc or back-arc setting (Mortenson et al., 2008) with lead contributions from 
Precambrian basement rocks that decreased in age from north to south (Cumming et al., 
1979; Zartman, 1974).  The southwestern United States showed evidence for the 
contribution of 2.7 Ga age basement, whereas northern Mexico was underlain by 
basement with ages not exceeding 1.8 Ga.  Lead isotopic data for the Precambrian 
basement have been reported by Ruiz et al. (1999).  The samples represent outcrops of 
the basement found in the southern extremeties of Mexico, and therefore represent a 
younger basement material than that expected to underlie central Mexico (Cumming et 
al., 1979).  Although xenoliths interpreted to represent 1.4 to 1.6 Ga Precambrian 
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basement underlying northern and central Mexico have been analyzed for strontium and 
neodymium isotopic signatures (Ruiz et al., 1988), lead isotopic data is not available for 
these samples.  Descriptions for the xenoliths and outcrops of Precambrian basement 
appear consistent, and therefore data from Ruiz et al. (1999) has been chosen for an 
adequate proxy to the basement underlying the Batopilas Mining District.  The 
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values for the Precambrian basement vary greatly 
from 17.350 to 39.617, 15.528 to 17.440, and 36.724 to 45.646, respectively. 
Although the whole-rock lead isotopic values representing these potential sources 
are not age-corrected, the young age of the deposit (55 to 35 Ma) would only require 
small corrections (Barreiro et al., 1984).  However, the model presented here should only 
be considered in a general sense or until a more rigorous model becomes available that 
provides better proxies with well-constrained ages and genetic models.  
RESULTS 
Lead isotopes analyses of galena were conducted in the Isotope Geochemistry 
Lab in the Jackson School of Geosciences, Department of Geological Sciences at the 
University of Texas at Austin using a themal-ionization mass spectrometer, and had 
analytical uncertainty of approximately ±0.05% per amu.  Galena samples were selected 
based on the deposit type (massive-replacement or vein material), and preference was 
given to samples for which sulfur isotopic data was also collected.  For a detailed 
methodology, refer to Appendix D-II. 
Drill-cores BA08-21-39.5 and BA08-21-49 sample anhedral to subhedral, fine-
grained galena intergrown with pyrite, sphalerite, and wall-rock (Figure 2.25) 
representing massive-replacement style mineralization, and have 206Pb/204Pb, 207Pb/204Pb, 
and 208Pb/204Pb values of 18.742 and 18.747, 15.611 and 15.618, and 38.512 and 38.535, 
respectively.  Vein galena samples consist of relatively coarse, euhedral to subhedral 
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galena crystals (Figure 2.4) that have corresponding 206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb values ranging from 18.799 to 18.817, 15.623 to 15.639, and 38.603 to 
38.655.  All data have been plotted for comparison to other known Mexican ore deposits 
of various types in Figure 4.1.  For complete galena lead isotope results, mineralization 
styles, and localities, please refer to Table 4.1. 
The massive-replacement style mineralization and vein mineralization have 
distinct lead isotopic signatures that do not overlap.  The massive-replacement style 
mineralization has consistently lower uranogenic and thorogenic lead signatures than the 
vein galena.  In general both styles of mineralization follow trends established by VMS-
style, replacement-style and vein-style mineralization throughout central Mexico (Figure 
4.1A).  However, the massive-replacement style mineralization at Batopilas has lead 
isotopic signatures that plot between the Cenozoic carbonate-replacement deposits at 
Francisco I. Madero and the epithermal veins found at Fresnillo, while the vein galena at 
Batopilas has lead isotopic signatures more similar to the Fresnillo veins.   
However, both the more massive and vein styles of mineralization at Batopilas 
appear to fall below the linear array defined by other Mexican ore deposits (Figure 4.1B).  
Whereas, both uranogenic and thorogenic lead data for Batopilas lie between the models 
used by Zartman & Doe (1981) to describe the lead isotopic evolution of orogenic belts 
and the upper crust, most other Mexican ore deposits appear to plot along the orogenic 
lead evolution curve in thorogenic lead space. 
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DISCUSSION & INTERPRETATION 
Metal Sourcing 
Massive-Replacement Ores 
The massive-replacment style mineralization (Figure 2.26) appears to represent 
lead sourcing from a different reservoir than vein galena samples that are significantly 
more radiogenic.  Massive-style mineralization samples appear to overlap a general trend 
of lead isotopic values established by data from pelagic sediments and manganese 
nodules obtained from the Pacific Ocean by Reynolds & Dasch (1971) and Chow & 
Patterson (1962) (Figure 4.2A).  These samples more specifically resemble the sediments 
in lead isotopic values, and the manganese nodules in trend.  However, comparing 
thorogenic lead, the contribution of some lead by a thorium-poor source becomes 
apparent (Figure 4.2B). Because more primitive, mantle-derived magmas generally 
possess lower Th/U ratios (Larsen & Gottfield, 1960), the lead source for massive-style 
mineralization likely represents a mixture of sedimentary and more primitive magmatic 
sources.  This is consistent with the nature of these massive sulfide deposits in the 
Batopilas Formation (MAG Silver Corp, June 2010 press release, www.magsilver.com, 
2011), which consists of deep-marine pelagic sediments and interfingering, submarine 
andesites. 
Major Vein Ores 
Vein galena samples have isotope values (Figure 4.2) lying between those for 
Pacific pelagic sediments and manganese nodules (Reynolds & Dasch, 1971; Chow & 
Patterson, 1962), and silicic and intermediate volcanic whole-rock lead isotope values 
from the Batopilas area (Barreiro et al., 1984).  The Casas Coloradas and Yerbanis 
Formations, which these samples appear to represent, post-date vein mineralization, as 
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made evident by the lack of veins cross-cutting these rock-types, the presence of 
erosional surfaces before deposition of the upper volcanics, and the presence of 
mineralized calcite vein fragments in vent breccia interpreted to be feeding the upper 
volcanics.  As these volcanic rocks are younger than the ore, they cannot be a lead 
source.  However, the rocks from which their parent magmas evolved could have 
provided some of the lead for vein galena. Based on arguments by Cumming et al. 
(1979), the assimilation of Precambrian basement and other older igneous rocks during 
melting and ascension to the surface seems like a likely method for increasing the 
radiogenic character of ore deposits and later-forming rocks.  These magmas rocks 
therefore most likely assimilated lead from the Precambrian basement and Jurassic 
sediments through which they erupted.  Whereas the massive mineralization likely 
sourced more lead from the hosting Jurassic formation, the lead for vein galena samples 
has a more complex source, as made evident from lead isotopic signatures that do not 
overlap with any single lead source, but rather plot between the values expected for the 
Batopilas Formation and the Precambrian basement. 
Batopilas Lead 
The uranogenic lead data for the volcanic rocks from Barreiro et al. (1984) 
appears to plot directly along the orogenic lead evolution curve (Figure 4.2A).  As with 
the massive-replacement and vein style mineralization, however, the thorogenic lead 
signatures for the upper volcanic sequence appear much lower than other deposits. 
According to Larsen & Gottfried (1960), gabbros generally have low Th/U ratios 
compared to more differentiated igneous rocks.  Therefore, the low Th/U ratio indicated 
by the thorogenic and uranogenic lead signatures for the Batopilas vein galena samples 
could indicate that, while most deposits in central Mexico sourced lead and other metals 
from the widespread felsic igneous and volcanic rocks, lead mineralization at Batopilas 
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resulted from significant contribution from a more primitive source such as the 
Precambrian basement.  Based on xenoliths analyzed by Ruiz et al. (1999), the 
Precambrian basement appears dominated by pelitic gneisses and mafic orthogneisses 
that could possess low Th/U ratios, and thus a low thorogenic lead signature.  This would 
be consistent with the model proposed by Zartman & Doe (1981), in which the upper 
crust had the lowest 232Th to 238U ratio.  Most igneous and volcanic rocks observed to 
occur at Batopilas appear to be intermediate to felsic in nature, and little evidence exists 
for large-scale gabbroic intrusions in the immediate country rocks, aside from the 
interfingering pelagic sediments and submarine andesite flows in the Batopilas 
Formation.  Therefore, local rock types are not likely the sole source of lead in the vein 
galena. 
The lead isotopic signatures of most ore deposits in the Guerrero Terrane plot on 
or near the orogene growth curve of Zartman & Doe (1981), suggesting that the lead had 
mixed sources, including contributions from the mantle, lower crust, and the upper crust 
(Figure 4.1).  In both uranogenic and thorogenic lead models, Batopilas samples appear 
shifted towards the upper crustal lead growth curves relative to other Mexican ore 
deposits.  This implies that a significant upper crustal source contributed to lead isotopic 
compositions in both ore types in the Batopilas District.  The paradox that arises from this 
observation is that the upper crust, comprised of highly evolved magma, would not be 
expected to have a lower thorogenic signature based on the observations of Larsen & 
Gottfield (1960).  Furthermore, in the case of uranogenic lead signatures, the samples 
from Batopilas lie closer to the orogenic growth curve than other Mexican ore deposits, 
while at the same time having thorogenic lead signatures more similar to the upper crustal 
growth curve than the other Mexican ore deposits. 
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As lead acts as a proxy for metal-sourcing in ore deposits, this could indicate that 
metals deposited in the veins at Batopilas were sourced from some mixing between the 
Jurassic interfingering andesite flows and pelagic sediments (Lyons, 2008), and a more 
radiogenic source, such as the Precambrian basement.  This would be consistent with the 
findings of Cumming et al. (1979) for a variety of other ore deposit types, including vein-
style mineralization. 
Sourcing of metals from the underlying Precambrian basement with some mixing 
with the Mesozoic volcaniclastics would be possible using a lithogene model for ore 
genesis.  This model requires large scale, deep faults, such as the Roncesvalles Fault, for 
the transfer of fluids and metal components between these stratigraphically separated 
formations (Graybeal & Vikre, 2010).  The relatively small spread of lead isotopic values 
for the vein galena suggests that lead had a limited number of source rocks, or was 
homogenized during transport.  This is also consistent with the idea that more exotic 
metal associations, such as silver and cobalt, exist because of the interaction of fluids 
with a source rock enriched in these metals (Graybeal & Vikre, 2010). 
Based on the orogenic and upper crustal lead-isotope evolution curves (Zartman 
& Doe, 1981), the massive-replacement and vein styles of mineralization have values that 
appear to originate along a mixing line corresponding to an age of approximately 120 Ma 
(Figure 4.1A).  A mixing line corresponding to an age of 149 Ma, the approximate age of 
the Batopilas Formation (Lyons, 2008), also appears to fit the data.  The ages obtained 
from these mixing lines represent the time of lead source mixing between a source rock 
that evolved along the upper crustal curve from Zartman & Doe (1981), and the orogenic 
lead evolution curve. This could mean that lead mixing and larger scale reservoir 
formation occurred during deposition of the pelagic sediments and submarine andesite 
flows. 
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CONCLUSIONS 
The most conclusive finding from this study is that the more massive-style 
mineralization and the vein galena appear to have sourced lead from different reservoirs.  
The massive-style mineralization has values consistent with lead-sourcing from a 
sedimentary source, while the vein galena shows a more complex lead-source that 
appears to be a mixture of lead from a sedimentary source with that of a more radiogenic 
source, with a low 232Th to 238U ratio, such as lower crustal, Precambrian basement.  The 
lack of significant vein selvages and wall-rock alteration associated with veining implies 
that lead was not leached locally from the Batopilas Formation.  The possibility of 
mixing with a deeper source, such as the Precambrian basement, is consistent with a more 
radiogenic source of lead, as the volcaniclastics found in the Batoilas Mining District, 
alone, would not be expected to have the radiogenic values observed in vein galena. 
A 150 Ma mixing line that intersects the lead isotope signatures for both the 
massive-replacement and vein mineralization implies that they possibly share a common 
source of lead and other metals that mixed or homogenized 150 to 120 Ma. The mixing 
line represents the contribution of lead from an orogene reservoir and an upper crustal 
reservoir proposed by Zartman & Doe (1981).  This suggests that the fluids precipitating 
the vein galena and, by proxy, the silver could have sourced lead from Mesozoic pelagic 
sediments and interbedded submarine volcanics that represent lead mixing between 
eroded upper crustal components and more intermediate materials associated with the 
orogenic formation of a back-arc basin. 
Such a model potentially fits a lithogene genetic process in which 
stratigraphically high fluids, such as sedimentary brines, moved down along faults or 
other fluid conduits to interact with Mesozoic deep-marine sediments, interbedded 
submarine volcaniclastics, and Precambrian basement, resulting in a mixed lead isotopic 
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signature.  The movement of fluids through a specific, though currently undetermined, 
rock-type would allow concentrations of specific metals, such as cobalt and silver.  
Geothermal reheating resulted in the ascension of fluids along major faults and the 
deposition of ore within the veins at Batopilas.   
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Table 4.1: Lead isotope compositions of galena 
 
206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
BA08-21-39.5 Massive- Replacement
Batopilas 
Formation
Near La Cobriza Mine 
and Road Cut 1 18.742 15.611 38.512
BA08-21-49 Massive- Replacement
Batopilas 
Formation
Near La Cobriza Mine 
and Road Cut 1 18.747 15.618 38.535
BT09-8 Vein
Batopilas 
Formation Santo Domingo Mine 18.809 15.632 38.630
BT09-12 Vein
Dolores 
Diorite El Arroyo del Caballo 18.806 15.629 38.619
BT09-51 Vein
Batopilas 
Formation La Cobriza Mine 18.807 15.630 38.623
BT09-54 Vein
Batopilas 
Formation Road Cut 1 18.817 15.639 38.655
BT09-59 Vein
Batopilas 
Formation
Todos Santos Mine - 
Penasquito Level 18.805 15.623 38.603
BT09-48 Vein
Batopilas 
Formation
El Arroyo del San 
Antonio 18.799 15.626 38.604
+/- 2σ 
uncertainty 0.019 0.023 0.077
Note: Uncertainty based on a TIMS analytical uncertainty of 0.05% per amu difference between the isotopic 
numerator and denominator.
Sample ID  Style of Mineralization Host Rock Locality
Lead Isotopic Ratios for Galena
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Figure 4.1: Lead isotope compositions of Mexican ore deposits 
 
The lead data reported represent galena samples from Batopilas mineralization with ±0.05% per amu error 
bars, the Fresnillo vein deposit, Cenozoic carbonate-replacement deposits, Francisco I. Madero VMS and 
skarn deposits, and the Mesozoic volcanogenic massive sulfide deposits. 
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Figure 4.2: Potential lead reservoirs  
 
Note: The data presented here represent whole-rock proxies that have not been age-corrected. 
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Chapter 5:  Fluid Sourcing 
INTRODUCTION 
An ore-forming system is not only composed of solid minerals and rocks, but also 
the fluids that transport and deposit materials.  Therefore, in order to more fully constrain 
the processes involved in ore genesis, the fluid sources involved in mineral precipitation 
must also be evaluated.  Such information allows for the better characterization of ore 
genesis by providing information on the involvement of magmatic fluids versus 
sedimentary brines or even meteoric water.  In order to gain information on contributions 
from such fluid reservoirs, several methods can be employed, including strontium isotope 
studies and fluid inclusion studies. 
Strontium Isotope Principles 
The complex nature of vein mineralization indicates the potential for involvement 
of many fluid sources and a complex fluid evolution during ore deposition.  In general the 
strontium in hydrothermal vein materials seems largely derived from the wall-rocks 
(Hedge, 1974; Reesman, 1968).  However, the lack of significant vein selvages 
associated with calcite veins in the Batopilas Mining District implies minimal interaction 
between the wall-rock and the vein-forming fluids. Three possible fluid reservoirs exist at 
Batopilas, and include sea water in shallow seas associated with back-arc basins, 
sedimentary brines associated with the Jurassic and Cretaceous sedimentary sequences, 
and magmatic fluids associated with the various igneous bodies. 
Strontium is a radiogenic element for which some isotopes form from the 
radioactive decay of rubidium.  The decay of rubidium to strontium in various rock types 
results in various strontium isotopic compositions.  Strontium substitutes for calcium in 
many gangue minerals such as calcite and fluorite, whereas rubidium has an atomic 
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radius too large to substitute for calcium.  For this reason the strontium isotopic 
composition can serve as a tracer for fluid sourcing.  Because all strontium isotopes are 
heavy, little fractionation by physical and chemical processes occurs.  Thus, the strontium 
isotopic composition, defined by the 87Sr/86Sr ratio, can only be affected by the isotopic 
composition of the source rock from which the fluid originated, and the rocks through 
which the fluids pass.  As the concentrations of rubidium and strontium vary in different 
reservoirs, information on their concentrations allows for further constraints on carbonate 
sourcing, and by proxy fluid sourcing. 
In simple mineralizing systems with a single fluid source and path, this tracer 
would allow for the distinguishing between sea water, upper crustal, and mantle derived 
components.  Continental crust generally contains high 87Sr/86Sr of greater than 0.7040 
and up to 0.7360 (Faure & Mensing, 2005), because of the preference of rubidium to 
enter the melt during partial melting of ultramafic, mantle-derived rocks.  Therefore, 
during the differentiation process rubidium becomes enriched in more evolved magmas 
that in essence contribute to continental crust.  The amount of radiogenic strontium in 
such a rock would also be high because of the higher concentrations of the parent 
element, rubidium (Faure & Hurley, 1963).  In addition, these rocks generally contain 
higher concentrations of strontium ranging from 100 to 440 ppm.  Mantle-derived rocks 
generally have low 87Sr/86Sr ratios, ranging from 0.7022 in the depleted MORB mantle to 
0.7075 in the enriched mantle (Hart, 1988), and lower concentrations of 1 ppm strontium 
although basalts can contain 465 ppm strontium.  In ideal situations, these differences in 
isotopic composition and strontium concentrations allow for determination of the source 
rocks (Faure, 2001; Turekian & Wedepohl, 1961).   
Sea water also has distinct isotopic ratios and distinctly lower concentrations of 
strontium compared to igneous rocks.  However, because of the introduction of strontium 
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into the oceans from marine hydrothermal input, rivers and sediments, the ratios and 
concentrations for sea water change through time.  Based on the work of McArthur et al. 
(2001), the variation of 87Sr/86Sr throughout time ranges from approximately 0.7068 to 
0.7071 in the Late Jurassic, 0.7071 to 0.7078 during the Cretaceous, and a fairly constant 
0.7077 to 0.7078 until approximately 38 Ma, after which the 87Sr/86Sr ratio increased 
steadily to greater than 0.7090 present day.  The concentration of strontium in the modern 
Pacific Ocean varies regionally from 7.6 to 8.1 ppm (Bernat et al., 1972; Nagaya et al., 
1971).  Assuming that the ocean represents a large enough reservoir for homogenization 
to occur over geologic time, the strontium concentration therein would not be expected to 
rise above 10 ppm. 
Sedimentary rocks contain variable strontium concentrations and isotopic 
compositions depending on the rock-type and sediment source.  On average, sandstone, 
deep-marine clays, shale, carbonates and deep-marine carbonates contain increasing 
strontium concentrations of 20, 180, 300, 610, and 2000 ppm, respectively.  Conversely 
these rock-types also show decreasing Rb/Sr ratios of 3, 0.611, 0.467 to a fairly constant 
0.005 for carbonates and deep-marine carbonates (Turekian & Wedepohl, 1961).  
Therefore, these rock types would also be expected to have decreasing 87Sr/86Sr ratios 
because 87Rb decays to form 87Sr.  It is important to note that in most cases groundwater 
is not in isotopic equilibrium with the rocks in which it resides because of insufficient 
time for equilibration or because of subsurface flow that mixes fluids having interacted 
with a plethora of rock-types (Avogour et al., 1990; Chaudhuri & Clauer, 1993; Faure & 
Mensing, 2005).  However, Doe et al. (1966) found that geothermal brines from the 
Salton Sea have isotopic compositions closely resembling those of the Tertiary sediments 
in which the fluids resided.  The brines have strontium concentrations of approximately 
740 ppm and isotopic compositions ranging from 0.7110 to 0.7115.  Studies of 
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sedimentary and formational brines associated with the Gulf of Mexico by Stueber et al. 
(1984), Russell et al. (1988), and Modovanyi et al. (1993) show large variations in 
strontium concentration (604-2960 ppm; 443-1762 ppm; 400-2950 ppm, respectively) 
and isotopic compositions (0.7071-0.7101; 0.7071-0.7119; 0.7071-0.7107, respectively).  
The dominant feature consistent throughout all values obtained for sedimentary brines is 
the large range of strontium concentrations and highly radiogenic signatures.  Reesman 
(1968), Hedge (1974), and Barbieri et al. (1987) have reported that gangue minerals from 
hydrothermal veins generally have strontium isotopic compositions resembling those of 
the immediate host rocks or rocks through which structural controls such as faults allow 
fluid-rock interactions. 
In complex systems in which two or more fluids may have interacted, simple 
fluid-mixing models provide insight into the amount of fluid contribution by various 
potential reservoirs.  Such a model must account for both the concentration of strontium 
and the strontium isotopic composition in each end-member reservoir.  In cases when the 
reservoirs contain the same or similar strontium concentrations or the same or similar 
isotopic compositions, the model results in a straight line from which the mixing 
proportions can be linearly interpreted (Faure & Mensing, 2005).  In cases where one 
reservoir has significantly higher strontium concentrations or isotopic ratios than the 
other, the resulting curve has a hyberbolic nature resulting from the mixing proportions.  
In other words, a small amount of a high concentration material can greatly alter the 
overall fluid character.  Therefore the fluid composition changes more drastically towards 
the end-member with lower concentrations of strontium, while remaining near constant as 
the high concentration end-member is approached. 
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Fluid Inclusion Principles 
Unless otherwise stated, the following summary of fluid inclusion principles has 
been synthesized from the review by Roedder (1984).  As minerals precipitate from a 
homogenous fluid, random defects in the mineral surface can result in voids in the 
mineral.  As the mineral continues to grow, these voids begin to close, sometimes 
encasing the formational fluid and trapping it.  The resulting fluid inclusions, known as 
primary inclusions, represent the fluid from which the mineral formed.  Secondary fluid 
inclusions are those that have formed along fractures after crystal growth had reached 
completion.  The fluids trapped in secondary inclusions therefore represent younger 
reactivation events, and do not trap fluids indicative of the crystal growth. 
The differentiation between primary and secondary fluid inclusions can be 
difficult.  For the determination of primary fluid inclusions, some criteria applicable to 
this study include: occurrence as a single, isolated inclusion (5 times the inclusion 
diameter from another inclusion), large size relative to the enclosing crystal (diameter 
equal to 10% that of the crystal), occurrence with inclusion edges subparallel to crystal 
growth zones, and the occurrence of varying numbers of inclusions within adjacent 
growth zones (Roedder, 1984).  Fluid inclusion assemblages (FIAs) generally provide 
more credible results as they represent a group of fluid inclusions that formed at the same 
time.    An FIA is a group of fluid inclusions most often recognized by a similar physical 
character and proximity to one another in a given growth zone, and therefore represents 
fluids trapped during the same fluid event.  FIAs generally occur with little size variation, 
and, more importantly, have approximately the same fluid to vapor ratios in the case of 
two-phase inclusions. 
After trapping during subsurface crystal growth, fluid inclusions undergo various 
phase changes resulting from changes in pressure and temperature that typically 
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accompany uplift.  The inclusion volume does not readily change with decreases in 
temperature because of the solid state of the mineral container.  The contained fluid, 
however, shrinks as temperature drops.  As the fluid continues to shrink, pressure within 
the container also decreases.  When the container pressure passes below the vapor 
pressure of the fluid, the fluid separates into a vapor and liquid phase.  Sorby (1858) 
proposed that this process could be reversed by heating the fluid inclusions.  The 
temperature at which the vapor and liquid phases homogenize may be corrected for 
pressure effects if pressure conditions can be constrained to give the trapping temperature 
of the fluid.  Otherwise the homogenization temperature represents the minimum 
temperature of the system at the time that the fluid inclusion was trapped during mineral 
growth. 
Information on the composition of trapped fluids can be obtained from such two-
phase inclusions.  General compositional information can be acquired by freezing the 
fluid inclusions and then slowly heating them.  The temperature at which the last ice 
crystal melts, Tm, represents a specific weight percent of total dissolved components.  
This determination can be thought of as measuring the depression of the freezing point of 
water, which can be related to the concentration of total dissolved components in the 
fluid.  The more salts that are in solution, the lower the temperature must be for freezing 
to occur.  Because the exact composition of the trapped fluid is not known, results are 
generally converted to weight percent NaCl equivalent.  Potter et al. (1978) determined 
the relationship between the freezing point depression and weight percent NaCl 
experimentally to derive the following formula: 
Ws = 1.76958*D – 0.042384*D2 + 0.00052778*D3 + 0.028 
where D is the freezing point depression in °C, and Ws is the weight percent of NaCl in 
solution. 
  113 
 The eutectic temperature can also provide approximate information on fluid 
composition.  Upon heating of a frozen fluid inclusion, the temperature of first melting 
correlates to the invariant eutectic temperature, at which liquid water, ice, and vapor 
phases all occur together.  The eutectic temperature only depends on the end-member 
compositions of a given fluid.  Shepherd et al. (1985) summarized the phase data for 
major salt-water systems relevant to aqueous fluid inclusions.  In general salt systems 
with a strong CaCl2 component have eutectic temperatures of -50°C to 55°C.  Eutectic 
temperatures of -34°C to -37°C indicate (Fe,Mg)Cl2-rich fluids, while temperatures of -
21°C to -24°C indicate fluids with dominated by a NaCl component, and eutectic 
temperatures greater than -11°C indicate chlorine-poor salt systems.  In this study the 
eutectic temperatures were interpreted based on the appearance of an “orange-peel” 
texture. 
 In order for fluid inclusion data to be considered relevant and reliable for the 
determination of fluid temperature, salinity and composition, Roedder’s Rules must be 
met.  Roedder’s Rules include (1) that the trapped fluid represents a single homogenous 
phase, (2) the volume of the inclusion has remained constant, and (3) no material has 
been added or lost from the inclusion.  If the volume of the fluid inclusion changed then 
the homogenization temperature would no longer represent an accurate gauge of the 
formational temperature.  Similarly, if material is added or removed from the fluid 
inclusion, such as salts, then the salinity would not represent the formational fluid either. 
 Different minerals provide different degrees of confidence for fluid inclusion 
studies.  For example, although fluid inclusions can generally be found in calcite and 
barite, the perfect cleavage and weak nature of these minerals can result in stretching or 
rupture of fluid inclusions upon heating before homogenization is achieved.  Fluorite and 
sphalerite, which generally have a stronger character despite their many cleavage planes, 
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result in less controversial data.  Quartz commonly is viewed as the mineral most likely 
to provide the most credible fluid inclusion data because of its lack of cleavage and 
adamantine nature. 
 The effects of mixing of ore-forming fluids can be interpreted in cases where 
earlier fluid inclusions towards the mineral grain core can be compared to later fluid 
inclusions towards the rim of a crystal grain.  This assumes, of course, that the inclusions 
have a primary origin. 
 Various ore deposit types, such as Mississippi Valley Type, epithermal veins, 
replacement, and porphyry copper-related deposits each possess unique combinations of 
homogenization temperatures and NaCl equivalent weight percents.  The four deposit 
types above generally possess temperatures and NaCl equivalent salinities of 100° to 
150°C and >15 wt %, <300°C and <5 wt %, >300°C and 4 to 40 wt %, and 250° to 
>800°C and >35 wt %, respectively (Roedder, 1984).  Comparison of fluid inclusion data 
from the Batopilas Mining District to these other deposit types could assist in 
understanding ore genesis. 
RESULTS 
Strontium isotopic compositions for vein calcite were measured in the Isotope 
Geoschemistry Lab in the Jackson School of Geosciences, Department of Geological 
Sciences at the University of Texas at Austin using a thermal ionization mass 
spectrometer.  Vein calcite samples were selected based on fluorescent response to ultra-
violet light, which have been interpreted to represent separate calcite generations.  For a 
detailed methodology, refer to Appendix D-III. 
Fluid inclusions thick sections were prepared by Texas Petrographics in Houston, 
Texas, and Greg Thomson from the Jackson School of Geosciences, Department of 
Geological Sciences at the University of Texas at Austin.  Fluid inclusion data was 
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collected using and analyzed using an Olympus BX51 microscope and a modified USGS-
type gas-flow heating/freezing stage designed for microthermometry.  For a detailed 
methodology, refer to Appendix E. 
Strontium Isotopes for Vein Calcite 
Strontium values for 13 vein calcite samples from the Batopilas Mining District 
have 87Sr/86Sr isotopic compositions ranging from 0.705506 to 0.705908 and 
concentrations ranging from 51 to 246 ppm (Table 5.1). The average strontium 
concentration and strontium isotopic composition are 92 ppm and 0.70571 respectively.  
Based on the fluorescent response of the calcite to ultraviolet light (Figure 2.1), these 
samples have been classified into subgroups similar to those used by Mills & Kyle 
(2011).  The gradational subgroupings of Mills & Kyle (2011) were based on 
fluorescence color and intensity with two end-members and one intermediate 
classification.  The end members were represented by a weak, violet-red fluorescence and 
intense, orange fluorescence.  The intermediate subgroup was represented by a moderate, 
pink fluorescence.  In addition to these three fluorescent responses, two more have been 
added, including moderate to intense, white fluorescence with white phosphorescence, 
and a moderate, lavender-pink fluorescence with blue phosphorescence. 
The white, red-violet, and lavender-pink subgroups consisted of one sample each 
with strontium concentrations of 97, 232, and 81 ppm, and 87Sr/86Sr isotopic 
compositions of 0.70557, 0.70555, and 0.70574, respectively.  The data obtained from 
the red-violet sample may represent contaminated material as the analyte contained some 
residue after being dissolved.  The pink subgroup, consisting of six samples, had 
strontium concentrations ranging from 55 to 104 ppm with isotopic compositions ranging 
from 0.70551 to 0.70591.  The orange subgroup consisted of four samples, and had 
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strontium concentrations and isotopic compositions ranging from 53 to 103 ppm and 
0.70567 to 0.70588. 
Fluid Inclusion Data 
Wilkerson et al. (1988) included preliminary fluid inclusion data for samples from 
the Batopilas Mining District.  Although Wilkerson et al. (1988) reported that the 
measured fluid inclusions have a primary nature, no examples or evidence for such an 
interpretation is presented.  Further data on individual fluid inclusions were not reported.  
Additionally, only general localities for sampled materials were provided.  The analyzed 
fluid inclusions occurred in three groups, including (1) quartz from veins in the Tahonas 
copper porphyry system, (2) quartz from quartz-pyrite veinlets found in mines known to 
produce high-grade silver, and (3) calcite and sphalerite from veins historically associated 
with native silver production.  The quartz-pyrite veinlets are older than native silver 
mineralization in the carbonate-rich veins at Batopilas (Wilkerson, 1983).   
Because of the limitations of existing fluid inclusion data for Batopilas vein 
mineralization, additional fluid inclusion studies were conducted.  The post-
mineralization, tectonized nature of many Batopilas veins limits suitable materials.  All 
fluid inclusion samples analyzed for this study occurred associated with carbonate 
veining and the occurrence of base-metal sulfides that have been associated with silver 
minerals.  Homogenization temperatures and weight percent NaCl equivalents have been 
summarized in Table 5.2, Figure 5.4 and Figure 5.5.  Detailed sample descriptions are 
reported in Appendix E. 
Quartz 
Quartz from sample BT09-12B, a quartz-galena-calcite vein cross-cutting the 
Dolores Diorite, preceded galena formation and contained two-phase inclusions.  This 
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quartz phase is not the same generation as that sampled from Wilkerson et al. (1988).  
Two fluid inclusions were analyzed from a single crystal, including one towards the core 
(Figure 5.6A), and one closer to the grain boundary (Figure 5.6B).  Two other fluid 
inclusions were analyzed in separate grains.  A eutectic temperature of -38°C, final 
melting temperatures of around -3°C, and homogenization temperatures ranging from 
121°C and 165°C were obtained for this sample. 
Fluorite 
Fluorite from sample BT09-54D, a fluorite-calcite-quartz-galena vein, contained 
several generations of fluid inclusions based on the confinement of inclusions within 
various color zones, morphology, and isolation from other fluid inclusions.   A single 
eutectic temperature of -35°C, three final melting temperatures ranging from -9°C to -6°C 
(~11 wt. % NaCl equivalent), and three homogenization temperatures ranging from 
149°C to 163°C were obtained for the earliest generation of fluid inclusions.  A second 
set of primary fluid inclusions occurs as two larger, cubic-shaped fluid inclusions with 
eutectic temperatures of -37°C and -26°C, final melting temperatures of -8°C and -7°C 
(11-10 wt. % NaCl equivalent), and homogenization temperatures of 178°C and 172°C 
respectively.  This generation of fluid inclusions occurs alongside a group of secondary 
fluid inclusions.  These secondary fluid inclusions are generally smaller and irregularly 
shaped with eutectic temperatures of around -32°C, final melting temperatures of around 
-8°C (11 wt. % NaCl equivalent), and homogenization temperatures of around 153°C.    
A third set of primary fluid inclusions that appeared confined to a yellow-green color 
zone resulted in eutectic, final melting and homogenization temperatures of -33°C, -4°C 
to -3°C (6-4 wt. % NaCl equivalent), and 149°C to 181°C, respectively.  The most 
exterior fluid inclusions occur within the youngest generation of fluorite.  Inclusions in 
this zone had a eutectic temperature of -26°C, final melting temperatures around -2°C (4-
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2 wt. % NaCl equivalent), and homogenization temperatures ranging from 177°C to 
186°C. 
Sphalerite 
 Fluid inclusion data was obtained from sphalerite in samples BT09-40 and BT09-
20.  Sample BT09-40 represents a calcite-sphalerite vein from the Arroyo del San 
Antonio.  A group of secondary fluid inclusions from this sample had eutectic 
temperatures ranging from -11°C to -10°C, final melting temperatures of around -9°C  
(13-12 wt. % NaCl equivalent), and homogenization temperatures ranging from 139°C to 
185°C.  No primary fluid inclusions were observed in BT09-40. 
 BT09-20 represents a calcite-sphalerite-galena vein from the Porfirio Diaz Tunnel 
level of the Todos Santos vein workings. The earliest generation of fluid inclusions had 
average eutectic, final melting, and homogenization temperatures of -49°C, -15°C (19 wt. 
% NaCl equivalent), and 198°C, respectively.  The latest forming fluid inclusion had a 
trapezoidal shape with three sides parallel to the color-growth zone and occurred at the 
corner of a growth zone.  This fluid inclusion therefore provides the most reliable results 
as it meets the greatest number of criteria for a primary fluid inclusion.  This fluid 
inclusion resulted in a eutectic temperature of -46°C, a final melting temperature of -
14°C (18 wt. % NaCl equivalent), and a homogenization temperature of approximately 
236°C.  Large, rectangular inclusions with tails, most likely of secondary origin, had a 
eutectic temperature of around -47°C, final melting temperatures of -18°C and -10°C (21-
14 wt. % NaCl equivalent), and homogenization temperatures of 189°C and 191°C.  Two 
large, trapezoidal inclusions had similar eutectic, and final melting temperatures of -47°C 
and -48°C, -18°C and -17°C (21 wt. % NaCl equivalent), respectively.  Only one 
homogenization temperature of 211°C was obtained. 
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 In a second thick section of sample BT09-20, most inclusions appeared to be 
secondary or pseudo-secondary.  The only group of primary fluid inclusions had eutectic, 
final melting, and homogenization temperatures of -38 to -37°C, -10°C to -9°C (14-13 
wt. % NaCl equivalent), and 132°C to 153°C.  These resemble the primary fluid 
inclusions from the first thick section, but do not occur within distinct zones.  A group of 
fluid inclusions occurring within a colorless zone and terminating at a color zone 
boundary have been interpreted to represent pseudosecondary fluid inclusions.  These 
inclusions are interpreted to occur between the second and third generations of primary 
fluid inclusions based on color zoning relationships.  These inclusions had eutectic, final 
melting, and homogenization temperatures of -38°C to -27°C, -10°C to -9°C (14-13 wt. 
% NaCl equivalent), and 146°C to 153°C, respectively.  A large, rectangular secondary 
fluid inclusion with tails, similar to those aforementioned, had a eutectic temperature of -
50°C, final melting temperature of -16 (20 wt. % NaCl equivalent), and a 
homogenization temperature of 169°C.  A series of fluid inclusions that appear to occur 
along a linear feature crossing color zones most likely represent a secondary nature.  This 
group had eutectic temperatures of -45.6°C and -43.4°C, final melting temperatures of -
10.1°C to -9.1°C (14-13 wt. % NaCl equivalent), and homogenization temperatures 
ranging from 134.3°C to 151.4°C. 
DISCUSSION & INTERPRETATION 
Strontium Isotopes and Carbonate Sourcing 
In general the strontium concentrations and isotopic compositions do not appear 
to vary widely between the different generations of calcite as based on fluorescent 
characteristics (Figure 5.1); the exception is the red-violet fluorescing calcite, which has 
an appreciably higher strontium concentration than the other vein calcites.  The 
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anomalous value could be attributed to the presence of a residue remaining in the analyte 
that likely represents insoluble clay material from the vein.  All other samples of calcite 
appear to fall within a relatively confined range of concentrations and isotopic 
compositions.  This indicates that the source of carbonate components did not change 
greatly between the successive calcite precipitation events and that the separate 
generations of calcite-precipitating fluids interacted with rock types with similar 
strontium isotopic character and concentrations. 
Although vein calcites do not have a large spread of isotopic compositions, some 
interesting variations based on paragenesis and associated minerals can be observed in 
some samples (Figure 5.2).  For example, although the pink and orange fluorescing 
varieties of calcite have greatly similar isotopic compositions and strontium 
concentrations when compared overall, within a given sample these generations have 
distinct values indicative of changes in strontium sourcing.  Such a change could also 
indicate changes in carbonate and fluid sourcing.  Based on the cross-cutting 
relationships observed in some of these samples, later materials appear to have more 
radiogenic isotopic signatures and lower concentrations of strontium.  Such a transition 
could indicate either a change in strontium and carbonate sourcing, or mixing with 
another more radiogenic fluid.  The latter is more likely since each sample showing 
paragenetic relationships is hosted by the same rock.  If strontium was being sourced only 
from the host rock, as commonly documented in vein studies, then changes in isotopic 
composition and strontium concentration would be nil between the different generations.  
Also, since no rock types present at Batopilas have both lower concentrations of 
strontium and more radiogenic signatures than those observed in the vein calcites, it is 
not likely that fluids were sourced solely from the host igneous rocks.  Therefore, the 
contribution by a sedimentary brine circulated through the underlying basement and the 
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Batopilas Formation seems likely.  As a deep-marine sequence comparable to the 
Cucurpe Formation, a sequence of interbedded shales, sandstones and volcanic flows 
(Lyons, 2011; Lawton et al., 2003), the Batopilas Formation and associated formational 
waters would be expected to have strontium concentrations of less than 100 ppm to a few 
hundred parts per million (Turekian & Wedepohl, 1961).   Regardless, the best model for 
vein calcite strontium isotopic compositions and concentrations would include fluid 
mixing of a highly radiogenic, low concentration component, such as sedimentary brine, 
with the initial, less radiogenic and more concentrated fluid. 
Although a small decrease in strontium concentration and increase in radiogenic 
character of early materials is evident, in sample BT09-03 from the Santo Domingo Mine 
the latest generation of calcite has values that would indicate a decrease in 87Sr/86Sr and 
an increase in strontium concentration (Figure 5.2).  In this sample the paragenetic 
constraint is based on precipitation, with the earliest material being associated with wall-
rock and to the interior of calcites, and the latest material consisting of the outermost 
layer protruding into vein cavities.  The earliest material fluoresces pink and 
phosphoresces, while the latest material fluoresces an intense orange.  An intermediate 
material occurs between these two, based on the presence of a non-phosphorescing, 
moderately pink-orange fluorescent material.  Silver mineralization in the form of 
proustite is most closely associated with this stage of calcite precipitation.  These 
paragenetic relationships indicate an initially moderately radiogenic composition 
(0.705737, 110 ppm Sr) with a subsequent increase in radiogenic component (0.705840, 
86 ppm Sr), and finally a decrease in radiogenic composition to near initial state 
(0.705737, 91 ppm Sr).  The earliest stage of calcite precipitation has no association with 
the mineralization of metals.  The latest generation of calcite has a fluorescent character 
that has been observed associated with native silver mineralization.  However, no metals 
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occur associated with this generation of calcite in this sample.  The intermediary calcite 
possesses the strongest association with silver mineralization, as samples from the same 
locality with the same fluorescent characteristic have been observed associated with 
proustite, acanthite, and native silver.  Assuming an early, barren phase of calcite 
mineralization, this suggests the addition of a radiogenic fluid component could be 
related to ore mineralization.  The transition back to a relatively non-radiogenic calcite 
with higher concentrations of strontium indicates the influx of a fluid more similar to 
those expected from the magmatic rocks at Batopilas towards the end of vein 
mineralization. 
In another sample from the Santo Domingo Mine, BT09-07 (Figure 2.3), an 
apparently barren, white-fluorescing calcite vein is cross-cut by a sulfide-bearing, pink-
fluorescing calcite vein.  The earlier calcite has a less radiogenic strontium isotope 
composition of 0.705566 and strontium concentration of 83 ppm, whereas the later calcite 
appears to have a more radiogenic composition of 0.705774 and 104 ppm strontium.  
This change in radiogenic characteristic once again implies contribution of a more 
radiogenic component to the carbonate-depositing fluids as time progressed forward.  
This could have further implication for the source of metals as only the later, more 
radiogenic calcites are associated with sulfide mineralization. 
In sample BT09-48, the first generation of calcite was followed by the 
precipitation of galena and lollingite and a second generation of calcite infilling the 
middle of the vein.  Although both generations of calcite are white, the first generation 
has weak red-violet fluorescence, while the second generation possesses a moderate pink-
orange fluorescent character.  The calcites in this sample show the greatest difference 
between strontium concentrations and isotopic compositions between the two 
generations.  The first generation of calcite has a non-radiogenic value of 0.70555 and 
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strontium concentration of 256 ppm, while the second generation has a more radiogenic 
characteristic of 0.705908 and concentration of 105 ppm Sr.  The earliest generation of 
calcite appears to precede the precipitation of galena, sphalerite and lollingite, while the 
later generation of calcite post-dates precipitation of the sulfide-arsenide minerals.  Based 
on the radiogenic compositions of these two calcite generations, the pattern can again be 
observed that calcite forming prior to base metal and/or silver mineralization has a less 
radiogenic component, more similar to those values of young, igneous bodies in the 
Batopilas District, while the later generation possesses a more dilute, radiogenic character 
associated with a fluid that must have been introduced syn- or post-sulfide 
mineralization.  Native silver mineralization occurs after the base-metal sulfides, 
implying that the contribution of such a fluid could have provided some controls on 
native silver mineralization either by providing high enough concentrations of metals 
and/or affecting the temperature, pH or oxidation of the mineralizing fluid.  Assuming the 
earlier calcite generation sourced components from a more magmatic fluid, the 
interaction of such a fluid with a mobilized metalliferous sedimentary brine could have 
resulted in the various forms of silver mineralization in the district. 
More generally the strontium isotopic values resemble those for the quartz 
diorites and granodiorites sampled at Batopilas (Figure 5.3).  The isotopic compositions 
observed in the calcite veins also coincide well with values from orthogneiss xenoliths 
believed to represent the lower crustal basement (Ruiz et al., 1988).  These values are 
significantly less radiogenic than strontium isotope compositions for Jurassic or 
Cretaceous sea water or sedimentary brines (Howarth & McArthur, 1997).  The vein 
calcites most likely formed as the result of mixing of at least two fluids: a fluid 
containing low concentrations of strontium and having a radiogenic nature similar to or 
greater than those of the associated igneous rocks.  
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 The similarity between the strontium isotopic compositions of the vein calcites 
with those obtained by Bagby et al. (1981) for the Dolores Diorite could indicate that 
carbonate deposition is related to these igneous bodies and the associated magmatic 
fluids.  However, the isotopic compositions for the vein calcites are generally higher than 
those for measured granodiorites and quartz diorites.  This indicates that the source for 
strontium, and thus carbonate materials, must have been more radiogenic.  A likely 
source-rock candidate for similar, yet more radiogenic, strontium isotopic signatures 
could be the basement rocks through which the magmatic bodies intruded. 
Based on two-component mixing between brines and potential magmatic fluids, 
several models can be proposed.  No single two-phase mixing model fits the data exactly, 
but a representative fluid comprised of 90% sea water and 10% magmatic fluids does 
approximately fit the data (Figure 5.3).  Such a mixing event could occur during 
interaction of sea water in a deep marine environment with submarine volcanics such as 
those observed in the Batopilas Formation.  The resulting sedimentary brine could then 
be stored in the sedimentary rocks until being mobilized from heating by later magmatic 
activity or during pressure release during faulting events or fault reactivation. 
However, the individual generations of calcite represented by varying fluorescent 
characteristics do not follow the trend of a two-component mixing model.  On the 
contrary, what can be observed in Figure 5.1 is that the pink and orange varieties of 
calcite appear to define a positive, linear trend.  This is especially true for the pink 
fluorescing varieties of calcite.  Such a trend could indicate that an initially two-
component mixture had a third component added to it, resulting in a secondary fluid 
evolution towards more radiogenic, higher concentration strontium values. 
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Fluid Inclusions and Fluids through Time 
 The preliminary fluid inclusion data obtained by Wilkerson et al. (1988) mainly 
relates to the origin of vein materials for the Tahonas copper porphyry system. The 
Tahonas porphyry copper system is much older (85 Ma) than the Batopilas vein 
mineralization, judged to be Eocene in age (Lyons, J., pers. commun.). 
 The data for the Batopila vein calcite and sphalerite presented by Wilkerson et al. 
(1988) as group 3 fluid inclusions show significantly higher salinities than expected for a 
typical epithermal vein deposit.  The possible sources for such high salinities in the vein 
system include contribution from a magmatic-hydrothermal system, contribution by a 
sedimentary brine, the effects of boiling, or some combination of these (Roedder, 1984). 
 The fluids responsible for the quartz-calcite-galena veins cutting the 55-Ma 
Dolores Diorite (Figure 5.4) most likely represent a relatively low-temperature 
mineralizing system.  As the quartz is observed to occur as euhedral crystals towards the 
vein-wall rock boundaries, the fluid represented here is a precursor to the later formation 
of subhedral calcite-galena vein infill.  The quartz cross-cutting the Dolores Diorite 
contains inclusions that appear to be most consistent with an epithermal vein system.  
However, as quartz may have precipitated before sphalerite, the lower temperatures and 
salinities associated with the early quartz are inconsistent with a magmatic hydrothermal 
system in which minerals commonly precipitate during progressive cooling. 
 The primary inclusions present within fluorite provide some insight into the 
evolution of the precipitating fluid.  The initial mineralizing fluid trapped towards the 
crystal interior had the most saline character (10-12 wt. % NaCl equivalent).  The series 
of secondary fluid inclusions could actually represent pseudosecondary fluid inclusions, 
as the fractures appear to terminate at the later yellow-green color zone.  The salinity 
decreased through time as indicated by fluids trapped in later growth zones.  The lowest 
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salinities (2-4 wt. % NaCl equivalent) and highest temperatures (175-186°C) are 
associated with fluid inclusions nearest the crystal boundaries.  The homogenization 
temperatures for the various FIAs do not appear to vary greatly through time and all 
average around 165°C.  The salinities observed in the fluorite show a consistent decrease 
through time that could indicate the mixing with a low salinity source, such as heated 
groundwater.  Most of the eutectic temperatures appear to be representative of a 
(Fe,Mg)Cl2-NaCl-(Na,K)2CO3 system (Table 5.2).  The interpreted eutectic temperatures 
represent fluids that are inconsistent with calcite-depositing fluids.  The similarities 
between the salt system, salinities, and homogenization temperatures for the quartz and 
fluorite in this study support a genetic relationship to one another.  Fluid inclusions from 
BT09-20(1) sphalerite have consistently higher homogenization temperatures and 
salinities (Table E1), and have interpreted eutectic temperatures that appear different 
from most other inclusions.  Namely, the eutectic temperatures appear better correlated to 
a calcium-rich aqueous salt system.  This suggests that at least some of the sphalerite 
formed during calcite deposition.   
The Todos Santos spahlerite has a minimum of four colors zones, interpreted to 
represent growth events.  The large, secondary inclusions appear confined to the earlier 
growth zones towards the crystal interior, while the most definitive primary inclusion 
found occurs in the second-to-last growth zone.  This primary inclusion resulted in both a 
higher salinity (~20 wt. % NaCl equivalent) and homogenization temperature (235°C) 
than most other inclusions.  However several large secondary fluid inclusions towards the 
crystal interior also have highly saline characteristics, although the temperatures appear 
lower in general (~170-190°C).  Therefore the sphalerite most likely precipitated from a 
highly saline fluid with temperatures ranging from 170°C to 235°C.  The smaller 
secondary inclusions appear to cross-cut all of the growth zones and have been 
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interpreted to result from the reactivation and tectonism of the vein system.  During this 
later vein reactivation, a slightly less saline (~14 wt. % NaCl equivalent) and lower 
temperature (<170°C) fluid affected the system. 
CONCLUSIONS 
As the Batopilas Formation consists primarily of pelagic sediments, limestone, 
submarine andesitic volcanics and even preexisting massive-replacement style 
mineralization, the likelihood of marine oceanic and volcanic or magmatic fluid mixing 
seems likely.  There is a high likelihood for the mixing of such fluids in a back-arc basin 
or extended continental crust. 
Based on the available strontium isotope data, the carbonate-depositing fluids at 
Batopilas most likely resulted from a dominantly non-magmatic source.  Deep-seated 
circulation of sedimentary brines through underlying basement, or mixing of sedimentary 
brines with magmatic fluids could have resulted in the mineralizing fluids.  The 
approximate proportions of mixing would be 90% sedimentary brine mixing with 10% 
magmatic fluids. 
Limited fluid inclusion data indicate that multiple fluids affected vein 
mineralization in the Batopilas Mining District.  The Todos Santos sphalerite fluid 
inclusion data show fluctuations in salinities and temperatures through time.  The earliest 
fluid inclusions have salities and temperatures of averaging 19 wt. % NaCl and 198°C, 
respectively.  The second generation of fluid inclusions has lower salinities and 
temperatures, averaging 14 wt. % NaCl and 143°C.  This suggests either that the initially 
hot magmatic fluid underwent cooling and dilution, or that there was an influx of a fluid 
unrelated to magmatic activity.  The latest generation of sphalerite contained a primary 
fluid inclusion associated with a second high-salinity (18 wt. % NaCl), high-temperature 
(236°C) fluid.  This later fluid could be associated with the intrusion of the Dolores 
  128 
Diorite (55 Ma).  The second generation of fluid inclusions within the sphalerite has 
salinities and temperatures that overlap fairly closely with the earliest primary inclusions 
analyzed in the fluorite (11 wt. % NaCl; 156°C).  Also, the homogenization temperatures 
measured from the later generations of fluid inclusions in the fluorite increase to as high 
as 186°C.  This increase in temperature is potentially congruous with the increase in 
termperature observed in the Todos Santos sphalerite, suggesting that the sphalerite-
precipitating fluid at the Todos Santos Mine was similar to the fluid precipitating the 
fluorite in the northern portion of the Batopilas Mining District.  This fluid may have 
formed from surface fluid dilution, followed by isothermal mixing with a low salinity 
fluid.  However, as the 55-Ma Dolores Diorite does not appear associated with large-
scale alteration halos, it is not likely to have evolved a hydrothermal fluid.  The heat 
generated by the intrusion of the Dolores Diorite may have remobilized sedimentary 
brines present in the host-rocks.  In this way, a fluid consisting of ~10% magmatic fluid 
and ~90% brine consistent with strontium isotopic findings could have evolved to 
mineralize the silver-bearing veins at Batopilas.
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Table 5.1: Strontium data for vein calcite 
Sample ID (BT09-
XX-Y*) Locality
Sample 
paragenesis 87Sr/86Sr^ Sr (ppm)
03-P Santo Domingo
middle; syn-ore 
mineralization 0.705840 80
03-PP Santo Domingo early 0.705737 81
03-O Santo Domingo late 0.705737 103
07-P Santo Domingo
late; syn-sulfide 
mineralization 0.705774 85
07-W Santo Domingo
early; pre-ore 
mineralization 0.705566 97
12-P Dolores diorite N/A 0.705523 77
35-P Porfirio Diaz Tunnel N/A 0.705506 55
37-O
(San Antonio Mine 
dump) N/A 0.705685 65
40-O
(San Antonio Mine 
dump) N/A 0.705883 67
43-P
(La Nevada Nueva 
dump) N/A 0.705828 92
48-P (San Antonio Arroyo)
late; post-
sulfarsenides 0.705908 104
48-V (San Antonio Arroyo)
early; pre-
sulfarsenides 0.705550 232
51-O (La Cabriza Mine) N/A 0.705674 53
* - W = white fluorescence, white phosphorescence, V = red-violet fluorescence, PP = 
lavender-pink fluorescence, blue phosphorescence, P = pink fluorescence, O = orange 
fluorescence                                                                                                           
^ - 2σ is 0.00001 based on the standard deviation of 20 NIST standard NBS analyses for 
which the mean 87Sr/86Sr value is 0.710252  
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Table 5.2: Primary fluid inclusion data for vein minerals from the Batopilas Mining District 
 
Sample/ 
Mineral
Generation/ 
Inclusion V:L
Long 
Dimension 
(µm)
Te     
(-°C)
Tm ice  
(-°C)
NaCl 
equivalent 
salinity 
(%)*
Th 
(°C)
BT09-12B/qz I/1 1:3 250 38.0 2.8 4.6
BT09-12B/qz I/2 1:6 475 2.5 4.2
BT09-12B/qz I/3 1:12 100 121.1
BT09-12B/qz I/4 1:13 50 164.6
qz overall Average 2.7 4.4 142.9
BT09-54D/fl I/1 1:6 200 35.0 8.6 12.4 149.0
BT09-54D/fl I/2 1:6 200 8.0 11.7 156.7
BT09-54D/fl I/3 1:5 300 6.3 9.6 162.5
Average 7.6 11.2 156.1
BT09-54D/fl II/14 1:5 200 36.5 7.8 11.5 178.2
BT09-54D/fl II/15 1:10 600 25.5 7.0 10.5 172.4
Average 31.0 7.4 11.0 175.3
BT09-54D/fl III/4 1:2 700 32.5 2.6 4.3 181.2
BT09-54D/fl III/5 1:5 100 3.8 6.1 149.0
BT09-54D/fl III/6 1:5 200 2.9 4.8 151.0
Average 3.1 5.1 160.4
BT09-54D/fl IV/7 1:4 200 26.0 2.0 3.4 182.1
BT09-54D/fl IV/8 1:5 150 2.4 4.0 176.8
BT09-54D/fl IV/9 1:5 150 2.4 4.0 185.7
Average 2.3 3.8 181.5
fl overall Average 31.1 4.9 7.5 162.5
BT09-20(1)/sl I/2 1:7 325 48.8 11.7 15.7 204.1
BT09-20(1)/sl I/3 1:8 250 205.9
BT09-20(1)/sl I/4 1:3 150 53.0 13.1 17.1
BT09-20(1)/sl I/5 1:5 125 15.0 18.8
BT09-20(1)/sl I/6 1:9 75 59.4 16.0 19.6 203.0
BT09-20(1)/sl I/7 1:7 100 38.4 18.0 21.2 178.1
BT09-20(1)/sl I/8 1:5 50 46.8 15.2 19.0
Average 49.3 14.8 18.6 197.8
BT09-20(2)/sl II/1 1:8 275 38.4 9.5 13.4 152.9
BT09-20(2)/sl II/2 1:10 275 36.8 9.7 13.7 140.5
BT09-20(2)/sl II/3 1:12 175 38.2 9.6 13.5 145.6
BT09-20(2)/sl II/4 1:6 275 37.2 9.4 13.3 131.7
BT09-20(2)/sl II/5 1:11 250 36.8 9.5 13.4
Average 37.5 9.5 13.5 142.7
BT09-20(2)/sl PseudoII/6 1:6 250 37.8 9.9 13.9 152.8
BT09-20(2)/sl PseudoII/7 1:8 150 27.4 9.2 13.1 145.6
BT09-20(2)/sl PseudoII/8 1:4 250 28.0 10.1 14.1 147.9
BT09-20(2)/sl PseudoII/9 1:4 50 23.0 9.6 13.5 141.0
Average 29.1 9.7 13.7 146.8
BT09-20(1)/sl III/1 1:9 100 45.7 14.3 18.2 235.8
sl overall Average 39.7 11.9 15.7 168.1
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 
0.042384*D^2 + 0.00052778*D^3 + 0.028  
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Figure 5.1: Strontium concentration and isotope composition for vein calcites from Batopilas 
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Figure 5.2: Strontium isotopic composition and concentration through time 
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Figure 5.3: Fluid-mixing models for brine and deeply circulated fluids 
 
Model I shows the mixture of a sea water endmember (100% SW) with a second source resembling an 
orthogneiss endmember (0% SW) 
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Figure 5.4: Fluid inclusion data for Batopilas mineral phases.   
 
Data shown represents the range of weight percent NaCl equivalent salinities and homogenization 
temperatures with cross-hairs representing the average values. 
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Figure 5.5: Fluid inclusion data pairs for sphalerite and fluorite.  
 
Data shown only for inclusions for which both a final melting temperature and homogenization temperature 
could be obtained. 
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Figure 5.6: Fluid inclusions in quartz from quartz-calcite vein cross-cutting the Dolores Diorite.  
 
Primary fluid inclusions towards (A) the crystal core, and (B) the crystal rim. 
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Figure 5.7: Primary fluid inclusion in colorless fluorite core, Road Cut 1.  
 
Primary fluid inclusion (A) at room temperature (25°C), (B) frozen (-62°C), and (C) showing ice crystal 
melting (-15°C). 
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Figure 5.8: Primary fluid inclusion in yellow-green fluorite band, Road Cut 1. 
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Figure 5.9: Primary fluid inclusion towards fluorite grain boundary, Road Cut 1. 
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Figure 5.10: Primary fluid inclusion in sphalerite, Todos Santos Mine.  
 
Showing isolated fluid inclusion with boundaries parallel to and confined by color zonation at crystal 
corner. 
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Figure 5.11: Fluid inclusion in sphalerite, Todos Santos Mine.   
 
Showing pseudosecondary fluid inclusion along apparent healed fracture terminate at yellow-orange color 
zone at (A) room temperature (25°C), and (B) interpreted eutectic temperature (-38°C).  
  141 
 
A.
C.
E.
B.
D.
F.
 
 
Figure 5.12: Secondary fluid inclusion in sphalerite, Todos Santos Mine.   
 
Large fluid inclusion parallel to cleavage and linear trend of similar fluid inclusions (A) at room 
temperature (25°C), (B) frozen (-64°C), (C) at interpreted eutectic (-47°C), (D) melting (-38°C), (E) 
showing last ice crystals (-15°C), and (F) at final melting (-10°C). 
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Chapter 6:  Discussion and Conclusions 
GENETIC MODEL 
The silver-bearing calcite veins are hosted predominantly within the Jurassic 
marine siliciclastic and volcanic sediments of the Batopilas Formation.  Minor silver-
bearing veins have been observed to cross-cut the Dolores Diorite (55 Ma).  Fragments of 
mineralized calcite veins also occur in vent breccia for the overlying Oligocene volcanics 
(Lyons et al., 2012).  Collectively these relationships constrain Batopilas vein 
mineralization to the Eocene-Oligocene. 
Metals for vein mineralization appear to have come from a mixture of sources, 
including some contribution from the underlying and hosting Mesozoic deep-marine 
pelagic sediments and from the Precambrian basement, as indicated by the thorium-
depleted lead isotopic signatures.  Galena lead isotopic signatures in the carbonate veins 
at Batopilas are different from the lead isotope compositions of the massive-replacement 
mineralization.  This implies that these two deposition types occurred as temporally 
distinct events, and indicates that vein mineralization and massive-replacement 
mineralization are genetically unrelated.  These two deposit types appear to share a 
similar lead reservoir, however. 
Sulfur isotopic signatures for base-metal sulfides from mineralized calcite veins 
generally have negative to near-zero values, suggesting a majority of sulfur for vein 
sulfides was sourced from biogenic or sedimentary sources.  District-scale sulfur isotope 
zonation was not observed, suggesting that sulfur sources were not associated with a 
magmatic center. 
Fluid inclusion and strontium isotopic data for the calcite veins associated with 
metallic minerals indicates a complex history consistent with hand-sample and field 
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observations.  A general increase in radiogenic strontium isotopic signatures for the vein 
calcites indicates increased contribution from a sedimentary source, such as deeply-
circulated sedimentary brine.  A slight decrease in radiogenic character pre- and post-
mineralization could indicate the introduction of fluids passing through a younger 
volcanic, less radiogenic source.  Initial modeling indicates that the fluids that likely 
contributed strontium to the carbonate veins comprised a mixture of approximately 90% 
brine and 10% magmatic fluids or contribution from the Precambrian basement.  This is 
consistent with fluid inclusion data, which indicates a complex fluid history. 
The temperatures and salinities within the sampled sphalerite appear to fluctuate 
between high temperature (175°C-236°C), high salinity fluids (16-21 wt. % NaCl 
equivalent) and lower temperature (131°C-153°C), moderate salinity (13-14 wt. % NaCl 
equivalent) fluids.  ΔSsl-ga fractionation temperatures of 153°C-230°C are in general 
agreement with these homogenization temperatures.  Early quartz in the carbonate veins 
has low salinities (~4 wt. % NaCl equivalent) and low temperatures (120°C-165°C) that 
are distinct from the older porphyry-related quartz-pyrite-molybdenite veins (Wilkerson 
et al., 1988).  The mineral phases interpreted to precipitate latest in the Batopilas vein 
system have moderate temperatures of 149°C-186°C and moderate to low salinities of 3-
12 wt. % NaCl equivalent.  This material appears to have been affected by a lower 
salinity and temperature fluid, possibly representative of mixing with a second fluid.  The 
presence of a more radiogenic signature for later carbonates and the high salinities 
associated with relatively low temperatures in the system indicates sedimentary brine as a 
likely candidate for the depositing fluid. 
In addition to the paucity of gold, a significant feature of the Batopilas Mining 
District is the presence of cobalt-bearing mineral phases associated with native silver.  
This trait is common in the lithogene type deposits because of leaching of silver from 
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specific source-rocks and deposition along structural controls (Graybeal & Vikre, 2010).  
The lithogene model involves brines preferentially descending along large-scale, rift-
margin faults until reaching a rock-interface conducive to fluid flow.  This limitation on 
fluid flow allows for the potential of selective leaching of specific metals that commonly 
include nickel, cobalt, and silver, rather than the more pervasive and polylithic leaching 
common in magmatic-hydrothermal systems.   
The relatively small spread of lead and strontium isotopic values at Batopilas 
could also be indicators that a limited source-rock provided the components for silver-
bearing carbonate veins.  The high salinities of the fluid inclusions could result from the 
presence of high salinity sedimentary brines that became mobilized during tectonic 
events.  Such a fluid would have originated higher in the stratigraphic sequence and was 
transported along major faults into the older units, and perhaps into the basement as has 
been documented in other districts (Cumming et al., 1979). 
FUTURE WORK 
In order to better constrain metal sourcing and potential reservoirs for lead, 
whole-rock lead isotopic analyses for the Jurassic pelagic sediments, Cretaceous 
limestone sediments, and interfingering submarine andesite volcaniclastics ought to be 
pursued.  The lead isotopic data for the Dolores Diorite would also be beneficial for 
comparison as they represent older igneous intrusions spatially associated with vein 
mineralization.  A more comprehensive sulfur isotope study of the distinct sphalerite and 
galena generations could provide greater insight into possible zonation patterns and 
sulfur-sourcing through time. 
Carbon and oxygen isotopic studies of the various calcite generations, as based on 
fluorescing character, would provide a useful tool for carbonate sourcing in conjunction 
with the strontium isotope study conducted here. 
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If samples of proustite and acanthite could be obtained, then sulfur isotope data 
for these silver-bearing phases would provide the greatest insight into sulfur-sourcing 
associated with the precipitation of silver minerals.   
Additional fluid inclusion data would also greatly benefit this study, and should 
include samples from sphalerite and quartz phases found in other major mine workings.  
If large enough proustite crystals could be obtained and prepared for fluid inclusion 
studies, direct information on the temperatures, salinities, and possibly fluid chemistries 
associated with silver mineral formation could be obtained.  As proustite appears closely 
related to native silver precipitation, this could provide the best constraints for fluid 
sourcing as well as clarifying the relationships of native silver with calcite and quartz 
gangue materials. 
 
  146 
Appendix A: Sample Localities & Descriptions 
 64 samples were collected from the Batopilas Mining District by the 
author.  Of these 64, 40 samples were collected from underground workings, including 
the Santo Domingo Mine, the Porfirio Diaz Tunnel, the Penasquito Mine, and the 
associated Todos Santos, Roncesvalles, and San Roberto Veins.  Of the remaining 34 
samples, only 5 represent samples collected in-situ with the rest consisting of dump, and 
float materials.  To supplement these samples, 14 drill-core samples provided by MAG 
Silver were selected and sampled.  Mineral abbreviations used in Appendix A can be 
seen in Table 2.1.  Analyzed sample site localities and descriptions can be found in Table 
A1. Underground hand-sample site localities have been plotted in Figure A1, Figure A11, 
Figure A13, and Figure A18. 
 29 100-micron, doubly-polished fluid-inclusion thick sections were made with the 
express purpose of identifying fluid inclusions and obtaining fluid inclusion data.  These 
sections remain available, and a summary of fluid inclusions analyzed can be found in 
Appendix E. 
 20 100-micron, doubly-polished fluid-inclusion thick sections were made with the 
original intention of use for a fluid inclusion study, but were used instead for initial 
petrography and EDS analyses, because of timing constraints on standard polished 
sections.  15 30-micron, ore polished standard thin sections were later made and used to 
confirm initial petrography and for further EDS analyses.  Transmitted and reflected light 
microscope petrography was carried out on these 35 sections, and EDS analyses 
conducted on a selection thereof.  Mineral abbreviations used in Appendix A can be 
referred to in Table 2.1. 
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SAMPLES BY MINE SITE 
Santo Domingo Mine 
A suite of vein samples (BT09-03 to BT09-06 and BT09-08) was collected from 
the 290-m cross-cut of the Santo Domingo Mine (Figure A1). Sample BT09-03 
represents a 5 centimeter wide vein with strike and dip of 196° and 53° W hosted in 
altered, green-gray, marine volcanics.  In general these samples represent 10 centimeter 
thick veins comprised of braided 0.5 to 2 centimeter veinlets.  They genereally strike 
210° and dip 85° W.  BT09-07 was collected from the deepest part of the mine tunnel and 
appears to show multiple stages of calcite veining.  From this suite, BT09-07 is unique in 
showing different fluorescent traits for different generations of calcite, including 
moderate white, moderate pink-orange, and weak red-violet (Figure 2.3A).  I collected 
BT09-10 towards the tunnel entrance and represents coarse-grained, euhedral, rhombic, 
pink calcite that grew to over 3 centimeters (Figure 2.3B).  The vein represented by 
BT09-10 propagated to a width of over 10 centimeters wide. 
The dominant gangue mineral in the Santo Domingo veins is calcite with minor 
amounts of quartz.  Propylitic alteration appears concentrated along the boundary 
between the vein and wall-rock.  One type of calcite appears in BT09-10 as blocky or 
massive vein infill with the standard semi-translucent milky white to pinkish-gray 
expected at Batopilas, and fluoresces a moderate pink-orange to orange.  A second calcite 
observed in BT09-03 has a scalenohedron habit (Figure 2.3C), ranges in color from 
translucent colorless to gray, and possesses three different fluorescent responses.  The 
earliest calcite generation (Calcite I), as determined by direct contact with wall-rock, has 
a translucent, colorless character, and shows an intense pink fluorescence unlike the pink-
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orange observed in typical Batopilas calcite.  In addition, this particular material 
phosphoresces a moderate blue.  The next discernable calcite generation (Calcite II) also 
has a translucent, colorless character, but shows a more typical moderate pink-orange 
color, but does not phosphoresce.  These two materials make up a majority of the sample.  
The last generation (Calcite III) found along the outer edges of the scalenohedrons, has a 
semi-translucent, gray appearance, and fluoresces an intense orange.  The calcite veins 
observed in BT09-07 are both white.  The earliest generation of calcite in this sample 
appears barren of any type of mineralization and fluoresces a moderate white.  Calcite 
associated with sphalerite cross-cuts the barren veinlet and fluoresces a moderate pink-
orange.  The variety of calcite that fluoresces red-violet had indeterminate relationships 
to the other two. 
This observation indicates a dynamic fluid chemistry deposited the calcite at 
Santo Domingo, and that potential exists for at least three temporally distinct generations 
of calcite.  I interpret that the middle generation of calcite showing pink-orange 
fluorescence and lacking phosphorescence most closely resembles vein calcites 
associated with ore mineralization.  This is consistent with the findings of Mills (2009) 
and Mills & Kyle (2011).  This implies that at least one generation of calcite precipitation 
preceded base-metal mineralization and thus silver-ore mineralization, and possibly that 
intense orange fluorescence post-dates silver ore mineralization.  Although, the 
possibility of calcite precipitating gradationally throughout the paragenesis cannot be 
ruled out from these observations, calcite does appear cogenetic with early base-metal 
sulfide mineralization. 
Sphalerite is identifiable by its yellow color and isotropy in transmitted light, and 
its gray color and low reflectivity in reflected light.  Sphalerite occurs as millimeter to 
centimeter scale, subhedral to euhedral dodecahedrons.  Sphalerite appears cross-cut by 
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fractures that have filled in with calcite and galena.  In some sphalerites, the fractures 
appear to contain calcite only. Galena can be easily identified in section by the presence 
of triangular pits as well as white appearance in reflected light.  Galena habit ranges from 
anhedral massive to euhedral cubic forms.  Coarser galena materials generally have the 
euhedral cubic character and occur within coarser calcite veins. Anhedral materials 
generally occur as discrete veinlets within larger veins and as massive materials.  Both 
galena and sphalerite appear to replace some subhedral cubic pyrites (Figure 2.10) that 
have been fractured and probably represent wall-rock fragments integrated into the vein. 
Arsenopyrite has a white appearance in reflected light, but has a slightly 
yellowish tint and shows strong anisotropy from yellow to bluish-gray.  In addition 
arsenopyrite generally occurs with the standard subhedral to euhedral lozenge to 
rhombohedron shape.  The similarities of optical properties between lollingite and 
arsenopyrite make differentiation difficult.  In some cases lollingite appears to have 
replaced arsenopyrite, and therefore crystal habit cannot be used to distinguish them.  
Therefore EDS analysis becomes the only method that can be used to determine whether 
a material is arsenopyrite or lollingite since sulfur is absent from lollingite.  In general, 
findings indicate that lollingite mostly replaced arsenopyrite, except in cases when 
arsenopyrite has been included in another mineral such as proustite or galena.  The higher 
than expected sulfur signature in these cases most likely results from beam skirting.   
Galena and arsenopyrite most likely precipitated contemporaneously, as euhedral 
arsenopyrite with galena inclusions has been included in galena (Figure 2.7).  The 
replacement of arsenopyrite by lollingite could be associated with proustite precipitation.  
The lollingite appears to have been somewhat sulfidated, implying formation before 
sulfidation of proustite to form acanthite and subsequent pyrite replacement thereof. 
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The dominant silver-bearing mineral observed is proustite, but acanthite is also 
present in smaller amounts.  Associated minerals include galena, sphalerite, and pyrite 
with lesser amounts of arsenopyrite, and chalcopyrite.  Proustite has a reddish-orange 
color in transmitted light, and shows low reflectivity, bluish-gray color, and very weak 
anisotropy from yellow-gray to gray-blue in reflected light (Figure 2.10).  Proustite has 
not been seen in hand sample, and occurs as anhedral to subhedral crystals in calcite and 
calcite-quartz veins.  The semi-quantitative EDS analyses confirm an approximate 3:1:3 
ratio of Ag:As:S, although some proustite shows a significantly lower S signature.  
Acanthite typically has a greenish-gray tint, making it distinctive in reflected light. EDS 
analyses support this observation, as the greenish tint mineral has a Ag:S ratio of 
approximately 2:1 and is commonly associated with native silver and proustite fractures 
and rims.  A lower sulfur signature for the proustite adjacent to acanthite most likely 
resulted from S-leaching, as acanthite appears to replace proustite along fractures.  This 
interpretation indicates that multiple, distinct generations of silver mineralization exist, as 
the proustite must have formed, fractured, and then had sulfur leached as the proustite 
became replaced by acanthite.  The acanthite fills fractures in sphalerite (Figure 2.10), 
indicating that acanthite precipitated after sphalerite.  Based on the close association of 
galena and sphalerite cited by previous authors and this study, silver mineralization 
potentially occurs after galena precipitation as well.  This relationship is consistent with 
the lack of argentiferous galena or silver inclusions in galena crystals. 
Pyrite usually occurs as anhedral masses showing the typical straw-yellow color 
in reflected light, although minor amounts of euhedral pyrite has been observed in the 
host-rock.  These euhedral, cubic pyrite crystals are believed to be associated with early 
pyritization associated with seafloor alteration.  The anhedral, vein-related pyrite appears 
to have replaced acanthite in at least one instance as indicated by an acanthite core with a 
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highly irregular boundary with surrounding pyrite.  Pyrite also occurs along discrete 
fractures parallel to the main vein and appears associated with proustite (Figure 2.10).  
Although the exact relationships are unclear, this pyrite has a similar appearance to that 
observed to replace acanthite.  Based on aforementioned observations, the pyrite most 
likely formed after proustite and acanthite precipitation.  Lollingite replacement most 
likely occurred before pyrite precipitation as the arsenic-bearing proustite preceded the 
more sulfur-rich acanthite, and no evidence for arsenic alteration of or mineralization 
associated with the pyrite has been observed.  In addition, one example of pyrite 
mineralization adjacent to proustite shows acanthite between them.  This indicates that 
the sulfur-rich fluid depositing acanthite and pyrite must have formed after proustite. 
In summary, the observations discussed here for samples collected on the main 
Santo Domingo Mining level indicate the following paragenetic relationships for major 
minerals. Early fracture propagation led to the integration of wall-rock clasts and wall-
rock pyrite into the vein along vein boundaries.  The first vein-fill minerals to precipitate 
are quartz and Calcite I, although one or the other is usually absent in a given sample.  
Note that throughout this thesis, the notation Calcite I, II, III, etcetera pertain to the order 
of precipitation at the locality of current discussion and not to fore mentioned localities.  I 
adopted this notation strictly to describe the order of precipitation and not to indicate 
generations of calcite that would carry through or be observed in other localities of the 
district.   
Sphalerite was likely the first metallic mineral to precipitate in the veins.  Calcite 
II and galena cut the sphalerite, indicating formation after sphalerite precipitation.  
Arsenopyrite may have precipitated towards the end of galena mineralization or may be 
replacement material after galena precipitation had ceased.  The appearance of the first 
silver mineral, proustite, occurs after galena-arsenopyrite and may have overlapped 
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arsenopyrite precipitation. Lollingite most likely postdates proustite formation, and 
predates acanthite replacement of proustite.  Acanthite formed next, followed lastly by 
the precipitation of pyrite.  This stage of mineralization most likely includes Calcite III, 
as calcite has been observed with acanthite in proustite fracture infill.   
La Nevada Nueva Mine 
I collected samples BT09-43 and BT09-46 from La Nevada Nueva mine dump.  
Therefore they have indeterminable in-situ relationships.  Sample BT09-43 represents a 
complete centimeter-scale vein with the mineral zone being bounded by altered Jurassic 
sediments on both sides, and will be the focus of this section. 
The primary gangue minerals associated with silver mineralization in sample 
BT09-43 include quartz and calcite towards the vein interior and propylitic alteration 
along the wall-rock.  The propylitic assemblage appears as lenses between braided quartz 
veinlets towards the edges of the main calcite-quartz veinlet.  These fragments of altered 
host-rock appear dominated by chlorite.  Calcite and quartz do not usually occur together, 
but rather calcite makes up one segment of the vein while quartz makes up the rest 
(Figure A2).  Calcite is milky-white with rhombohedral cleavage and moderate pink-
orange fluorescence.   The quartz pervades much more of the sample than does the 
calcite, and also hosts more of the native silver.  Euhedral quartz points protrude into the 
vein from the vein boundary, indicating open-space filling.  Quartz that makes up the 
body of the vein has subhedral to anhedral massive or granular habit. 
The dominant ore mineral in BT09-43 consists of native silver with minor 
proustite.  Native silver occurs throughout the fragmented, propylitically altered zones as 
parallel strands or millimeter to sub-millimeter sized blebs.  These blebs appear to intrude 
into the altered wall-rock fragments while also being cross-cut by it.  This could imply 
contemporaneous mineralization.  Observations indicate that native silver present within 
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the calcite-quartz vein dominantly resides within the quartz portion of the vein as 
macroscopic blebs visible with the naked eye.  In cases where the native silver is present 
within calcite, the silver appears to occur along growth zones rather than as isolated 
mineral inclusions implying that native silver formed after calcite precipitation began 
(Figure A3).  However, the lineations along which silver occurs are subparallel to 
cleavage, and could therefore represent precipitation along preexisting cleaved planes.   
The amorphous blebs observed in the quartz portion appear to fill-in void spaces and 
generally lie adjacent to euhedral quartz crystal faces.  Along the rims and fractures of 
native silver blebs sulfidation has occurred as evident by the presence of sulfur in EDS 
analyses.  In most cases not enough sulfur is present to indicate stoichiometric acanthite.  
In some cases, however, this sulfidation has led to the formation of anhedral acanthite as 
rims around native silver.  In one case acanthite has not formed, but the sulfidation can be 
recognized from EDS mapping (Figure 2.11).  The sulfur signal seems concentrated 
along the edges of the native silver and internally along cross-cutting features that consist 
of mostly calcite with minor quartz.  This not only indicates that at least some calcite 
precipitated after silver mineralization, but also that the acanthite most likely represents 
alteration of the native silver by a sulfur-bearing fluid conducted along these fractures.  
Acanthite can be observed to occur along fractures within quartz and sphalerite, 
indicating that this event occurred after both quartz and sphalerite had formed. 
The only base metal minerals observed in this sample consist of sphalerite and 
galena with minor pyrite.  Euhedral sphalerite has been identified by its equant habit, 
colorless to yellow-orange color in transmitted light, low reflectivity and mottled 
appearance in reflected light, and confirmed using EDS mapping.  These sphalerite 
crystals occur along the edges of the vein near the boundary between the calcite-quartz 
vein and the fragmented wall-rock boundaries.  Sphalerite observed commonly shows 
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color zonations with the oldest material towards the vein boundary being colorless with 
the younger materials containing more iron as represented by yellow-orange color bands.  
Galena occurs as a subhedral to anhedral crystal adjacent to sphalerite, pyrite, and 
proustite.  Galena can be recognized by its high reflectivity and triangular pits in reflected 
light.  Galena occurs along the exterior of sphalerite and along fractures within the 
sphalerite, indicating that galena formed after sphalerite mineralization.  Inclusions of 
euhedral, prismatic quartz have been seen in some of the galena.  Proustite replaces 
galena along its cleavage planes (Figure 2.9), indicating silver mineralization began after 
the base metal sulfides had already crystallized.  Native silver can also be seen as 
tarnished, linear inclusions within the proustite.  The native silver could be occurring 
along fractures or cleavages within the proustite, but could have also precipitated as 
inclusions within the proustite.  Therefore, the exact relationship between native silver 
and proustite remains enigmatic.  Pyrite occurs in such minor amounts that no 
relationships from this sample could be determined. 
The paragenetic sequence observed for La Nevada Nueva varies slightly from that 
of the Santo Domingo Mine.  In both cases calcite and quartz appear to be the earliest 
gangue minerals to form, although little evidence exists for multiple generations of these 
gangue minerals in this locale.  After wall rock alteration, Quartz I and sphalerite 
precipitated, as indicated by proximity to the wall-rock and euhedral habit.  Galena and 
calcite precipitated next as they form along fractures of sphalerite and includes euhedral 
quartz.  Quartz II formed shortly before or during proustite precipitation as it postdates 
galena and predates native silver precipitation.  Proustite replaces galena and appears to 
form along calcite cleavage planes alongside native silver.  Propyllitic alteration occurred 
before the calcite-quartz vein formed, as quartz appears to cross-cut and braid through the 
altered rock fragments.  Native silver can only be said to mineralize after quartz, during 
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or after calcite mineralization.  Native silver mineralization most likely overlapped with 
proustite precipitation, although the exact relationships cannot be determined from this 
sample.  A sulfur-rich fluid phase must have led to the formation of acanthite and sulfur-
rich native silver after vein maturation.    
San Antonio Mine 
A suite of samples from the Arroyo del San Antonio consisted of dump, float and 
in-situ samples (BT09-37 to BT0942 and BT09-47 to BT09-49).   Most samples collected 
at the San Antonio Mine represent dump and float materials, but similar, in-situ samples 
confirm the fidelity of the dump samples.  I observed no silver mineralization in any of 
these samples.  Samples BT09-37 and BT09-39 represent 2 to 3 centimeter wide calcite 
veins containing coarse, euhedral to subhedral galena.  The veins appear to cross-cut 
propylitically altered Jurassic sediments.  These samples are angular, and the galena is 
relatively pristine, indicating proximal transport if any.  BT09-40 consists of coarse, 
subhedral to euhedral, iron-poor, orange sphalerite hosted in a 7 centimeter-wide calcite 
vein.  BT09-41 samples an approximately 5 centimeter vein material that consists almost 
entirely of massive lollingite with minor amounts of sphalerite, galena, and arsenopyrite.  
The dominant gangue minerals comprise of quartz, adularia, and calcite.  This sample 
also appears weathered and slightly rounded, indicating likely transport from uphill.  
None of the constituent minerals are particularly resistant to weathering and have 
hardnesses less than 5 on the Mohs Hardness Scale, except for quartz.  BT09-48 
represents a similar material mineralogically to BT09-41.  However, rather than 
appearing massive, this material definitely shows structural controls within calcite veins 
and fracture-fill.  In addition, despite the similar mineralogical components present, the 
abundance of those minerals is significantly different.  From the wall-rock on both sides 
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calcite precipitation occurs, followed by most of the metallic mineralization, and lastly 
the final vein in-fill by calcite. 
In BT09-37, the gangue mineral is calcite with centimeter-sized galena cubes 
forming in the 1.25 centimeter vein (Figure A4).  Some quartz has been observed, but 
only as euhedral crystal inclusions within galena and anhedral form in the silicified host 
rock (Figure A5A).  Galena forms rims along the sphalerite boundaries and appears to 
replace sphalerite (Figure A5B).  At the same time sphalerite replaces galena along its 
cubic cleavage planes (Figure A5C-D).  Galena fills in fractures in calcite and forms 
along calcite cleavage planes.  In BT09-39, calcite is again the gangue mineral.  Quartz 
appears isolated to the altered host-rock.  Galena is the primary metallic mineral, and can 
be observed to replace sphalerite and contain calcite inclusions. 
Sample BT09-41 represents a unique material in that the dominant mineral 
making up the vein is metallic, rather than the typical gangue minerals calcite or quartz, 
although both are present in small amounts (Figure A6).  The quartz has a euhedral 
character, showing hexagonal cross-sections.  Calcite appears to cross-cut and fill in 
around the euhedral quartz.  Fine-grained, anhedral adularia also occurs within the vein 
as infill after arsenopyrite formation.  This is known from the euhedral nature of the 
arsenopyrite and the anhedral nature of the adularia.  Quartz and lollingite pseudomorphs 
of arsenopyrite fill fractures in galena.  Veinlets with a width of 2 millimeters cross-cut 
the larger vein.  The chemistry of these veinlets is consistent with calcite.  However, the 
atomic percentages determined by the semi-quantitative EDS methods return a calcium 
signature that is more than double the expected value (Figure A7).  Cleavage openings in 
the calcite have infilled with a material that more accurately resembles calcite in terms of 
elemental ratios.  
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The opaque metallic mineral shows high reflectance with a slightly yellow tint, 
and displays strong bireflectant and anisotropic colors of yellow-gray to blue-gray.   The 
crystal habit generally appears rhombic or lozenge shaped, indicating arsenopyrite.  
However, upon inspection using EDS methods, lollingite makes up most of the vein, and 
appears to replace arsenopyrite that can be observed towards the cores of some samples.  
This does not appear to be solid-solution or sequential precipitation because of the infill 
of fractures within the arsenopyrite by lollingite and the lack of any distinct lollingite 
crystal habits.  Arsenopyrite most likely began replacing galena before being replaced 
itself, although the possibility that lollingite replaced both arsenopyrite and galena also 
exists.  An opaque, metallic mineral appears included within euhedral, prismatic quartz 
crystals.  The shape of the mineral is consistent with arsenopyrite.  As seen previously, 
included forms of arsenopyrite would be expected to remain unaltered.  This could 
indicate that arsenopyrite and quartz formed coevally, and then arsenopyrite was later 
replaced by lollingite and associated with adularia precipitation. 
In BT09-48 the dominant gangue material consists of calcite with minor quartz 
and adularia.  By fluorescence, two generations of calcite appear to exist.  Towards the 
exterior of the vein, nearest the wall-rock, the calcite has a weak violet fluorescence.  
Towards the vein interior, however, the calcite shows moderate pink-orange 
fluorescence.  Interestingly enough, this apparent difference in fluorescence also 
corresponds to the relative occurrence of galena and arsenopyrite-lollingite.  This also 
confirmed the relatively symmetrical nature of the vein compared to others in the district 
(Figure 2.4).  The first generation of calcite appears slightly more gray, most likely 
resulting from the presence of quartz at this stage.  This material generally forms as 
anhedral to subhedral crystals less than 50 millimeter in diameter.  The adularia has only 
been observed associated with galena precipitation.  Euhedral, rhomb-like inclusions of 
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adularia within and adjacent to the galena indicates an earlier formation.  Adularia has 
only been observed using EDS methods and indicates grain-size no greater than 200 
micrometers (Figure 2.6).  The second generation of calcite found in the middle of the 
vein, forms as subhedral to euhedral, rhombic crystals up to a centimeter large.  Little to 
no quartz appears associated with this calcite mineralization. 
The metallic minerals appear concentrated between the first and last stages of 
calcite precipitation.  Minor pyrite occurs within the vein as anhedral, fracture in-fill and 
fine-grained, subhedral cubic crystals.  Sphalerite again appears to be the first mineral to 
form, as it grows into the vein interior as subhedral, yellow-orange dodecahedrons less 
than a centimeter large (Figure A8A).  The possibility exists that two generations of 
sphalerite occur.  Observations indicate that coarser-grained, unreplaced sphalerite occurs 
associated with the coarser calcite in the last stage of vein in-fill.  Subhedral, cubic galena 
replaces the finer-grained, more anhedral sphalerite along fractures and grain boundaries 
(Figure A8B), and is in turn replaced by subhedral, lozenge-shaped arsenopyrite-
lollingite along its own cleavage planes and grain boundaries (Figure A8C).  The 
arsenopyrite-lollingite that replaces galena along its cleavage planes appears anhedral, 
whereas the material occurring along galena grain boundaries, growing into the calcite 
vein, appears subhedral.  This indicates that the arsenopyrite-lollingite most likely grew 
into an open space before final infill of the vein by later calcite (Figure A8D).  Optical 
properties such a reflectance, bireflectance and strong anisotropy from yellow to blue are 
too similar between arsenopyrite and lollingite for mineral identification (Figure A9).  
EDS analyses confirm that the mineral present is lollingite, but the fractured crystals 
appear more reminiscient of habits expected for arsenopyrite. This implies that lollingite 
completely replaced arsenopyrite in this sample, and this replacement could relate to the 
second generation of calcite vein-fill.  Arsenopyrite-lollingite appears much less 
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abundant in this sample than in BT09-41, in which these minerals make up almost 90% 
of the material. 
Although BT09-40 has a unique character, in that sphalerite appears to be the only 
metallic mineral and occurs as centimeter scale, orange, gemmy crystals (Figure A10).  
The calcite appears euhedral and shows twinning.  The calcite appears to fill-in between 
sphalerite fragments, implying this calcite precipitated during or after sphalerite 
mineralization. 
It appears that Calcite I, Quartz I, adularia, and sphalerite represent the earliest 
stage of mineralization in the San Antonio vein.  As arsenopyrite appears to have 
replaced galena and fill-in fractures therein, galena most likely formed next as Calcite I 
continued to precipitate.  Arsenopyrite and Quartz II most likely precipitated next during 
an episode of vein reopening that provided the space necessary for euhedral quartz and 
arsenopyrite to form.  Lollingite replacement of arsenopyrite must have occurred near the 
end of the paragenetic sequence at the San Antonio Mine.  The final stage of vein filling 
consists of Calcite II precipitation, as indicated by the cross-cutting calcite veinlets 
(BT09-41) and the second stage of calcite vein-fill (BT09-48). 
Porfirio Diaz Mine Tunnel 
Samples BT09-31 through BT09-35 represent samples of calcite veins transected 
by the Porfirio Diaz Tunnel (Figure A11).  The veins sampled vary in width from 
centimeters to 10s of centimeters.  Because of the soft, brittle nature of the veins, 
sampling entire sections of the vein from wall-rock to wall-rock was difficult, and not 
accomplished in most cases.  For sample BT09-33 I was able to sample some of the wall-
rock intact with the vein.  This sample had a strike of 210° and subvertical dip.  None of 
the samples appear to contain silver or significant amounts of other metallic minerals. 
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The highly altered wall-rock, most likely Jurassic submarine volcanics, show 
evidence for pyritization, propylitic alteration alteration of hornblendes and micas, and 
the seritization or clay-alteration of feldspar.  Coarse, euhedral pyrite is confined to the 
wall-rock (Figure A12), indicating that it represents alteration that preceded vein 
formation.  Similarly relic hornblende can be recognized by locally preserved crystal 
habit.  The relic felspars can be recognized by their euhedral, rectangular habit and in 
some cases preserved twinning. Clay-like materials can be observed to protrude into the 
vein, indicating that this alteration may have occurred during or after vein formation.   
As expected from the series of calcite veins sampled, the primary gangue 
materials is calcite.  However, upon closer inspection a significant period of quartz 
precipitation occurred.  Along the vein edge, adjacent to the hosting wall-rock, fine-
grained, anhedral quartz has formed.  This phase of quartz grades into the next phase of 
quartz consisting of medium to coarse-grained, euhedral, prismatic quartz.  The next 
phase to precipitate in the vein consists of the coarse-grained, subhedral calcite.  There 
also appears to be a fine-grained, anhedral quartz infill of cracks that cross-cut the calcite. 
Metallic minerals within the vein consist of fine-grained, anhedral galena, with 
trace fine-grained, subhedral pyrite.  The galena strictly occurs within the vein, and 
appears to form as infill of void spaces in calcite and along fractures. 
Quartz I precipitated first in the vein, followed by calcite mineralization.  Quartz I 
could be associated with the widespread silicification of the host rock if this process 
continued into vein propagation.  This could explain the gradational character of the 
quartz from fine-grained, anhedral to medium-grained, euhedral.  Quartz II occurs 
alongside galena within the calcite as void filling and fracture infill. 
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Porfirio Diaz Mine – Roncesvalles Vein 
For location of the Roncesvalles, San Roberto, and Todos Santos PDT Level 
veins, please refer to Figure A13.  Samples from the Roncesvalles Vein include BT09-24, 
BT09-25, and BT09-30.  BT09-24 appears to be the typical calcite vein with orange 
fluorescence.  BT09-25 consists primarily of white calcite, but shows multiple 
fluorescent characteristics, including red, orange and white fluorescence for the calcites.  
The calcite vein runs parallel to the Roncesvalles.  These calcite veinlets may be related 
to those observed in the Santo Domingo Mine sample BT09-07.  BT09-30 consists of 
altered Jurassic volcanic and sedimentary wall-rock and calcite veining.  The centimeter-
scale calcite vein is half of a partially filled fractured.  The medium-grained, euhedral 
scalenohedron calcite possesses a pink tint associated with hematite found as veinlets 
parallel to the wall-rock and vein interface.  Quartz has also been observed in this sample.  
Silver or other metallic minerals have not been identified in these samples. 
The hematite and quartz present within BT09-30 appears to have occurred prior to 
calcite vein formation.  The observations leading to this conclusion include that hematite 
and quartz appear to be concentrated along the vein boundary.  The presence of coarse, 
euhedral scalenohedrons of calcite indicate they formed into and open space, which in 
turn indicates a late stage of vein paragenesis. 
Porfirio Diaz Mine - San RobertoVein 
Samples from the San Roberto Vein include BT09-16 from the junction between 
the San Roberto and Todos Santos, and BT09-28 and BT09-29 from the San Roberto 
proper.  BT09-16 represents a centimeter-scale quartz vein with adjacent altered Jurassic 
volcanoclastic wall-rock.  BT09-28 and BT09-29 represent approximately 2 centimeter 
wide calcite veins.  Silver minerals have not been identified in these samples. 
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The gangue mineral in BT09-16 consists almost entirely of anhedral, highly 
fractured quartz, but the EDS method has also revealed the presence of potassium 
feldspar.  Propylitic alteration also occurs along the vein boundary.  The quartz appears to 
be coarse-grained, but more massive than prismatic.  The fine-grained, anhedral 
potassium feldspar observed often has aluminum and silica signatures much higher than 
expected.  The reason for this is unclear, but could result from polishing residue.  This 
material forms along vein boundaries, but also as discrete veinlets cross-cutting the 
quartz vein.  In addition to propylitic alteration of the host-rock, a distinct chlorite-
actinolite zone appears to occur along the vein boundary.  Although this mineralization 
zone could be interpreted as a selvage or small-scale fault gouge during vein reactivation, 
the changes in mineralogy are not gradational and the material does not appear clastic.  
Rather the propylitic mineralization zone appears to have a distinct mineralogy and 
morphology.  In addition this zone of mineralization parallels the primary quartz vein, but 
does appear to weave into it slightly.  Lastly the zone appears to have metallic 
mineralization along its boundaries with both the quartz vein and the wall-rock.  If the 
material represented a selvage or reworked material, one would expect to see the 
mineralization associated with one side or randomly occurring within the zone 
respectively.  The quartz vein formed first, followed by adularia and propylitic 
mineralization. 
The metallic minerals observed in this sample include molybdenite with minor 
pyrite and chalcopyrite.  The fine-grained euhedral cubic pyrite and fine-grained anhedral 
chalcopyrite strictly occur along cross-cutting veinlets (Figure A14A).  These veinlets 
generally cross-cut the quartz vein at nearly right angles and has the correct stoichiometry 
to represent laumontite.  The molybdenite can be identified in reflected light by its bluish 
white color, strong white to gray bireflectance, strong anisotropy, and single, strongly 
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defined cleavage.  EDS semi-quantitative analyses return consistent Mo:S atomic 
percentages of 30:70.  The overlap of molybdenum and sulfur energy signatures could 
explain the slightly low molybdenum and high sulfur signatures.  The atomic percentages 
can therefore be approximated to the stoichiometric MoS2 (Figure A14B).  The 
molybdenite appears highly cleaved and fractured, with infill consisting of potassium 
feldspar (Figure A14C).  In addition, potassium feldspar almost always envelops the 
molybdenite.  This indicates that molybdenite predates potassium feldspar precipitation. 
Augite occurs in this vein sample, an unexpected find considering the highly 
altered nature of the material and the absence of augite in the wall-rock.  Multiple 
fragments of augite have been observed within the quartz vein with fracture fill 
consisting of potassium feldspar.  A subhedral, 500 micron occurrence of augite contains 
ilmenite, rutile, and ferberite inclusions (Figure A15).  In all cases potassium feldspar and 
molybdenite appear to be associated phases.  This could imply that quartz vein 
temperatures exceeded 500 °C and that augite formed as a primary vein mineral.  
Although the association of augite with the potassium feldspar would further imply a 
higher temperature polymorph than adularia, the potassium feldspar did precipitate after 
augite formation, and therefore could represent a separate, cooler fluid allowing for 
adularia precipitation. 
Calcite is the primary gangue material in BT09-28.  The white, massive vein 
calcite shows moderate orange fluorescence.  In hand sample, the calcite varies in form 
from fine to medium-grained, anhedral to euhedral, botryoidal to rhombohedral crystals. 
Pyrite, sphalerite and galena make up the primary metallic minerals observed in 
the vein.  Pyrite occurs along the wall-rock boundary as subhedral to euhedral masses of 
cubic crystals.  The pyrite is distinct from pyrite observed in pyritized wall-rock.  In 
addition to forming as masses, the pyrite occurs as a linear feature parallel to the calcite 
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vein.  The pyrite appears to have been oxidized, as evident from rust staining that 
possibly represent late-stage goethite precipitation.  The sphalerite has a translucent 
yellow color with a subhedral to euhedral dodecahedral form.  The sphalerite has been 
highly fractured and replaced by galena along fractures and crystal boundaries.  The 
pervasiveness of replacement appears miniscule compared to that observed in other 
samples.  The galena is fine-grained and anhedral.    
The higher temperatures required for primary vein augite mineralization and the 
lack of sphalerite or calcite would indicate that the quartz vein system most likely formed 
independently from the lower temperature calcite veins.  Therefore, the quartz vein 
sampled most likely represents an early quartz-pyrite vein that precedes veining 
associated with silver.  The presence of molybdenite further supports this conclusion. 
The calcite vein represented by BT09-28 appears to have a simple mineralogy and 
paragenetic relationships.  The pyrite appears to have precipitated first as it occurs at the 
vein boundary and no pyrite has been observed as inclusions within other minerals in the 
vein, including calcite.  Sphalerite was the next mineral to precipitate as indicated by its 
euhedral habit extending into the vein from the vein boundary.  Calcite could have 
precipitated during or shortly after sphalerite formation.  Galena replacement of 
sphalerite indicates a similar timing to calcite formation during or shortly after sphalerite 
formation.  After vein mineralization, an oxidizing fluid may have passed through the 
vein resulting in goethite precipitation along the vein boundary and fractures within the 
vein. 
Porfirio Diaz Mine - Cross-cut 1 
Samples BT09-26 and BT09-27 from Cross-cut 1 off the San Roberto and 
Roncesvalles represent the intersection of calcite and quartz-pyrite veins hosted in the 
Batopilas Formation.  The quartz-pyrite veins resemble those believed to predate veins 
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associated with silver mineralization.  Molybdenite occurs along the edges of quartz-
pyrite veins and within the wall-rock proximal to these veins.  Millimeter scale quartz-
pyrite-chalcopyrite veinlets were observed to cross-cut larger, centimeter scale quartz 
vein.  The calcite veins form a web-like pattern throughout the wall-rock at this 
intersection with most the veins being less than 5 millimeters wide.  The wall-rock shows 
evidence of intense calcification that most likely occurred during calcite vein 
propagation.  I did not observe any silver minerals in these samples. 
Porfirio Diaz Mine - Todos Santos Vein - Tunnel Level 
Samples BT09-17 through BT09-23 came from the lower level of the Todos 
Santos Vein at an approximate elevation of 550 meters above sea level.  Samples BT09-
18 and BT09-19 represent calcite veins that occur along a large fault.  Quartz-pyrite 
veinlets appear to be interwoven with the calcite vein.  The calcite vein hosts both 
sphalerite and galena.  BT09-20 represents a calcite vein in highly pyritized host-rock.  In 
hand-sample the calcite vein consists of sub-centimeter braided calcite veinlets.  These 
veinlets consist of moderate to intense pink-orange fluorescing calcite with local galena 
and sphalerite crystals.  The entire calcite vein system appears cross-cut by a 
perpendicular vein carrying small wall-rock fragments.  BT09-22 and BT09-23 represent 
centimeter scale calcite veins in which the calcite appears fine-grained, subhedral, and 
gray to tan-pink rather than white.  The tan-pink calcite fluoresces a weak red-violet to 
pink-orange, whereas the white and gray calcites fluoresce moderate pink-orange.  BT09-
20 and BT09-22 contain an unidentified tan-colored alteration mineral in hand-sample.  
The fine-grained, anhedral material is concentrated within fractures and towards the vein 
interior, and fluoresces an intense yellow.  Petrographic observations indicate the 
presence of a yellow mineral with a fibrous to radiating habit (Figure A16).  These two 
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materials could be the same, but this would need further confirmation.  In either case, this 
alteration post-dates the primary vein formation. 
BT09-20 contains mostly calcite with significant amounts of quartz.  The calcite 
has a fine to medium-grained, subhedral massive character, and appears white with a 
diffuse gray tint.  The rhombohedral cleavage and twinning is well pronounced in the 
larger grains.  The quartz appears fine-grained, anhedral.  In most cases the fine-grained 
calcite cross-cuts the fractured quartz.  Larger calcite grains fractured and have quartz 
forming along those fractures.  This indicates that the calcite vein does in fact represent 
multiple calcite vein events.  The primary calcite vein, consisting of the medium-grained, 
subhedral grains most likely formed first, became fractured and infilled by quartz 
veinlets, and these quartz veinlets were then cross-cut by fine-grained, anhedral calcite 
veinlets. 
Metallic minerals in this sample include sphalerite, galena and pyrite.  Subhedral 
to euhedral pyrite occurs in the wall-rock and associated with quartz veinlets.  However, 
the straw-yellow pyrite also occurs as anhedral grains within the calcite vein proper, and 
replaces sphalerite and galena (Figure A17A-C).  In some sphalerite grains, the pyrite 
may represent exsolved inclusions.  Galena occurs along fractures within sphalerite and 
appears to have replaced it.  Sphalerite has an anhedral character and appears to represent 
fracture-fill of the early stage, medium-grained calcite.  In hand sample, the sphalerite 
appears yellow-orange to green-brown.  The darker colors imply a higher iron content, 
which was also observed in EDS analyses.  This sphalerite contains up to approximately 
3 atomic percent iron.  The sphalerite formed sub-parallel to calcite cleavage planes and 
cross-cuts the calcite along randomly oriented fractures.  As stated previously the 
sphalerite appears cross-cuts galena and pyrite.  The galena and pyrite appears associated 
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with a later stage of calcite that also cross-cuts sphalerite grains along random fractures 
and cleavage planes (Figure A17C-D). 
The paragenetic implications of this sample indicate that Calcite I formed first as 
the larger primary vein material and was later cross-cut by quartz veinlets.  The 
precipitation of an iron-rich sphalerite and Calcite II most likely occurred next.  
Continuing activity of the vein system most likely led to the precipitation of Calcite III 
and galena along sphalerite grain boundaries, fractures and cleavage.  Pyrite was the last 
mineral to form as indicated by its replacement of galena and sphalerite and occurrence 
only along late-stage fractures.  The pyrite could be associated with the unknown, 
fibrous, tan-yellow mineral.   Calcite II and Calcite III appear the same and could 
represent a single stage of calcite mineralization, but have been separated here because 
Calcite III cross-cuts sphalerite and appears more closely associated with galena and 
pyrite. 
Porfirio Diaz Mine - Todos Santos Vein– Penasquito Level 
In order to determine vertical relationships samples BT09-55 through BT09-64 
were collected along the Penasquito Level of the Todos Santos Vein at an elevation of 
830 meters above sea level (Figure A18).  BT09-55 and BT09-56 came from the upper 
level cross-cut of the Todos Santos Vein.  Samples BT09-55 through BT09-57 represent 
the continuation of quartz-pyrite-molybdenite veins observed in the Tunnel Level of the 
Porfirio Diaz Mine.  The abundance of molybdenite in the upper level was significantly 
greater than observed on the Tunnel Level.  Rather than occurring discretely along 
quartz-pyrite veinlets, molybdenite can occur as the dominant mineral in monominerallic 
veins more than a centimeer wide (Figure A19).  BT09-58 samples a 1-4 centimeter 
calcite vein with sphalerite and minor galena occurring towards the center.  BT09-59 
represents calcite infill of a fault opening.  BT09-60 and BT09-61 represent hanging-wall 
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and foot-wall mineralization respectively.  The fault cuts through a relatively 
impermeable, shale-like material, enhancing fluid conductivity and mineralization.  
BT09-62 represents fault gouge and appears highly reworked and ground-up with a black 
sheen that resulted from polishing during movement along the fault.  No slickensides 
were visible.  BT09-63 possibly samples a banded dike that appears to both cross-cut and 
parallel calcite veinlets.  This could indicate the dike has been deformed by fault activity.  
BT09-64 represents the first occurrence of galena-bearing calcite veins in the upper level 
of the Todos Santos Vein.  Although no silver mineralization was observed in this study, 
some local miners believe the “black” galena in some of these samples could be 
argentiferous. 
BT09-58 is dominated by sphalerite mineralization with calcite as the primary 
gangue mineral.  Other metallic minerals observed include arsenopyrite-lollingite and 
galena as well as minor pyrite.  Galena appears to replace sphalerite.  The arseonpyrite-
lollingite then replaces galena along cleavage planes.  However, in one instance a 
twinned arsenopyrite crystal with a pyrite rim appears included within galena (Figure 
A20).  The arsenopyrite-lollingite has been called such because of the resemblance in 
morphology to other observed occurrences of lollingite replacement of arsenopyrite.  
However, arsenopyrite cannot currently be written-off as the optical properties are too 
similar.  The associated wall-rock appears metal-rich to the point of almost resembling 
massive sulfide replacement of the Batopilas Formation.  Two varieties of sphalerite exist 
in this sample, separated by a veinlet cross-cutting the length of the vein at an angle of 
22° (Figure 2.15).  In addition to grain size and color differences, their associated 
minerals distinguish the two sphalerite varieties.  One sphalerite appears to have 
associated arsenopyrite-lollingite, whereas more massive sphalerite is replaced by galena 
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proximal to the wall-rock.  This mineralization corresponds to the veinlet, as the amount 
of galena and arsenopyrite-lollingite decrease away from the centralized veinlet. 
BT09-64 contains relatively unaltered wall-rock (Figure A21A).  Pyritization and 
propylitic alteration do not appear severe in this sample.  Silicification does appear 
significant, however.  The presence of medium to coarse-grained, subhedral to euhedral 
plagioclase can be observed.  The plagioclase appears to preserve twinning lamellae, 
reaction rims and metallic inclusions (Figure A21B-C).  Pyroxene can also be observed in 
the wall-rock, showing approximately 90° cleavage along a cross-sectional view, strong 
pleochroism from pale yellow-green to bluish-green, and inclined extinction (Figure 
A21D-E).  This could imply pyritization and propylitic alteration only occur in zones 
with a vertical dependence rather than spanning the whole district.  
In thin section multiple generations of vein mineralization become evident along 
the vein boundary.  Forming the boundary is a fine-grained, subhedral calcite.  The next 
phase of mineralization consisted of a fine-grained, subhedral quartz veinlet.  After quartz 
precipitation, the major vein, consisting of coarse-grained, subhedral to euhedral 
rhombohedral calcite, formed.  Coarse-grained, subhedral to euhedral cubic crystals of 
galena have precipitated within the coarse-grained calcite material. 
Dolores Diorite - Cross-cutting Veins 
Sample BT09-12 represents 0.5 to 2 centimeter calcite-quartz veins containing 
galena and angular diorite fragments of similar appearance to wall-rock in BT09-64.  The 
veins cross-cut the Dolores Diorite with an orientation of 200°, dipping approximately 
50° to the west.  Field observations indicate that the vein appears braided, consisting of 
several 0.25 to 0.5 centimeter veinlets that form 2 centimeter veins when tightly knit, but 
can extend out forming zoned of 4 to 10 centimeters when loosely braided.  These 
veinlets had strikes ranging from 200° to 238° and dips ranging from 42° to 50°W.  Some 
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of the vein boundaries appear to have been altered to epidote, which has not been 
observed in other locations. 
At this particular location monzonite dikes have also been observed to cross-cut 
the Dolores Diorite with an orientation of 205°, dipping 63°W.  The monzonite appears 
to contain epidote veins with some calcite and appear to form a network following joints 
in the rock. 
This sample was collected south-southeast from the Porfirio Diaz Suite, which 
lies approximately on strike with these veins.  Of particular interest is the similarity 
between this sample and BT09-33 sampled from a vein from the Porfirio Diaz Tunnel.  
The material appears dominated by white calcite, but upon closer inspection one observes 
an early stage of quartz grading from fine-grained, anhedral to medium-grained, euhedral 
prisms.  This mineralization precedes the precipitation of medium to coarse-grained 
calcite, and fine-grained, anhedral quartz grains that appear as later vein infill.  In 
addition the only ore mineral present consists of galena that occurs as void infill adjacent 
to euhedral quartz (Figure 2.13).   
The evidence therefore indicates that these veins, observed to cross-cut the 
Dolores Diorite, most likely represent the same vein system observed in the Porfirio Diaz 
Tunnel and some samples from the Penasquito Mine.  As the veins cross-cutting the 
Porfirio Diaz Tunnel historically have not been proven to be silver producers, the calcite 
veins cross-cutting the Dolores Diorite with similar orientations may be less prospective. 
Pastrana Mine 
Sample BT09-45, retrieved from the Pastrana Mine dump, consists of 
propylitically altered wall-rock cross-cut by a 0.5 centimeter, native silver-bearing calcite 
vein.  The silver mineralization actually occurs along a linear feature cross-cutting the 
primary calcite vein at an angle of approximately 5° (Figure A22).   
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Calcite is again the dominant gangue mineral with minor quartz.  The quartz has a 
fine-grained, anhedral character and appears restricted to near the vein boundary.  This 
could represent an early-stage of vein mineralization associated with silicification.  The 
calcite consists of fine to medium-grained, subhedral to euhedral rhombs with a white 
color and well-developed twinning.  For the most part, the calcite remains inert or a weak 
red-violet when exposed to ultra violet light.  However, along the boundaries of native 
silver blebs, the calcite fluoresces an intense orange.  Two calcite phases can be observed 
in thin section.  The medium-grained, euhedral calcite makes up the majority of the vein 
and appears relatively devoid of metallic minerals.  The other calcite appears fine-
grained, anhedral and occurs along fractures within the larger calcites.  The finer-grained 
material not only appears associated with metallic mineralization, but also appears to 
have taken up some sulfur, although this could simply be a signal resulting from beam 
skirting. 
The metallic minerals observed in sample BT09-45 include galena, arsenopyrite, 
native silver, acanthite, sphalerite, and plattnerite.  One example of galena appears 
intimately related to the host-rock.  The subhedral, pseudododecahedral galena crystal 
occurs adjacent to both quartz and relic plagioclase.  Of greater perplexity is the inclusion 
of augite within the galena.  If the galena replaced sphalerite that had formed along the 
vein boundary and included an augite fragment, this could explain the shape of the galena 
and its proximity to the wall-rock.  In the rest of the sample galena replaces sphalerite to 
a large extent.  The sphalerite present appears anhedral and occurs towards the cores of 
galena when present.  Replacement also occurs along fractures resulting in sphalerite 
fragments that do not appear replaced along the grain boundaries.  Arsenopyrite replaces 
the galena, following the cubic nature and preserving inclusions of augite also (Figure 
A23).   
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The occurrence of acanthite in this sample appears concentrated around galena 
rims.  The acanthite has two morphologies.  The material in direct contact with the galena 
appears to have a banded appearance with no distinct crystal habit.  The second form 
consists of a blocky or pseudododecahedral habit.  This material most likely precipitated 
into an open space allowing for the coarser, subhedral shape.  Acanthite also envelops 
some native silver blebs.  The native silver appears separated from the acanthite by a 
fracture feature.  Native silver forms as amorphous, disseminated flecks and blebs within 
the more massive calcite.  Silver mineralization also appears wiry or needle-like when 
viewed in petrographic section.  Although the native silver seems strictly associated with 
this coarser material, it does form along linearly continuous trends, implying it could 
have precipitated along a fracture separately from primary calcite formation.  This idea 
gains support from the observation of native silver occurring alongside the finer-grained 
calcite observed to cross-cut the coarser, euhedral materials.  In this instance the native 
silver appears closely associated with acanthite and galena, although because of 
brightness and contrast issues, these minerals become difficult to resolve from one 
another in BSE. 
The final mineral of discussion represents an uncommon occurrence.  The 
presence of plattnerite indicates a zone of oxidation.  Plattnerite envelops both galena and 
the acanthite seen to concentrate about its rims, suggesting that the plattnerite precipitated 
late in the paragenetic sequence.  Please note the apparent sulfur signal that appears to 
overlap the oxygen and lead signals. This does not indicate cerussite (PbSO4), but rather 
represents signal overlap of sulfur Kα at 2.307 keV and lead Mα at 2.342 keV.  This stage 
of mineralization could also be associated with the orange staining fractures observed to 
cross-cut the wall-rock and vein.  The orange staining could be representative of pyrite 
dissolution and reprecipitation as geothite. 
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In summary quartz most likely precipitated first and likely relates to the 
silicification of the host rock.  Augite may represent vein material or could be relic 
material that became dislodged from the wall-rock and included within vein material.  
Following quartz, calcite I and sphalerite formed.  This would then be followed by galena 
replacement of sphalerite and primary galena precipitation.  This would then be followed 
by arsenopyrite replacement of galena.  At this stage silver mineralization appears to 
begin with native silver precipitation along fractures in calcite I and with acanthite 
forming along galena boundaries.  Calcite II may or may not have begun to precipitate 
alongside native silver, but is closely associated with acanthite and galena.  The last 
stages of mineralization indicate a period of oxidation, resulting in the precipitation of 
plattnerite and possibly goethite. 
La Cobriza Mine 
 I collected samples BT09-50 through BT09-52 proximal to the historical location 
for La Cobriza Mine.  The samples primarily represent quartz-pyrite veins with some 
sphalerite and galena bearing calcite veins.  The BT09-51 and BT09-52 were not found 
in-situ, but rather as boulder and cobble-sized float downhill from the mine.  The samples 
appear highly altered and weathered, as evidenced by large amounts of secondary copper 
precipitation.  The high copper content is not surprising considering the name of the 
mine, which translates to “Copper”.  No evidence of silver mineralization was observed 
in these samples.  The host-rock for BT09-50 and BT09-52 appears to be quartz 
porphyry, although the majority of the sample appears to be a massive, 20 centimeter 
quartz vein with secondary copper mineralization along fractures and weathered surfaces 
(Figure 2.22).  BT09-51 represents a vein of at least 2 centimeters wide and contains 
significant amounts of sphalerite and calcite in addition to large amounts of quartz 
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material.  The highly altered wall-rock appears dominated by quartz, clay-like materials 
and anhedral pyrite.    
 BT09-51 contains both quartz and calcite.  Calcite along the vein boundary 
appears anhedral, and most likely represents the earliest stage of calcite mineralization.  
Quartz observed along the vein boundary, adjacent to the wall-rock occurs as euhedral 
crystals that appears to cross-cut and include small amounts of calcite and galena (Figure 
A24A).  A second variety of calcite occurs as medium to coarse-grained, subhedral to 
euhedral pseudorhombs.  This variety appears associated with coarse-grained, euhedral 
dodecahedron sphalerite, as sphalerite appears to have included finer, euhedral calcite 
rhombs as well as being surrounded by the coarser calcite crystals (Figure A24B).  A 
late-stage of calcite-quartz mineralization makes up the majority of the vein interior.  In 
this case, fine-grained, subhedral quartz prisms and very fine-grained, anhedral granular 
calcite occur in a pseudobanded nature.  The quartz crystals appear to radiate off one 
another and the calcite matrix with a drusy nature.  The calcite matrix then appears to fill-
in or envelop the euhedral quartz points.  This material most likely represents a rapidly 
changing, mineral-rich fluid or rapid vein-opening resulting in the inability of these 
minerals to form coarse-grained, euhedral crystals.  Lastly a late-stage fluid appears to 
have precipitated secondary iron and clay minerals such as goethite resulting in yellow 
and orange staining.  The specific mineralogy of the goethite and clays were not 
confirmed using EDS methods.  This fluid entered the vein along veinlets that occurred 
along the vein boundary and propagated into the vein along small fractures. 
 The traditionally ore-related minerals present in BT09-51 include sphalerite and 
galena.  The abundance of sphalerite is much greater than that of the galena.  Sphalerite 
occurs as coarse-grained, subhedral to euhedral dodecahedra.  The sphalerite most likely 
occurred relatively early in the paragenetic sequence of this sample as they appear highly 
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fractured.  Most fractures in the sphalerite have some amount of calcite infill, but also 
contain an opaque, reniform, low reflectivity, gray mineral as well as varying amounts of 
galena (Figure A24C-D).  In general the unidentified mineral occurs along galena 
contacts with other minerals, including sphalerite and calcite. For this reason, the 
unidentified mineral most likely represents a secondary lead mineral such as plattnerite.  
In one section galena appears to be cross-cut by and included within sphalerite that is in 
turn cross-cut by a medium-grained, anhedral variety of galena.  As galena appears 
intimately associated with the sphalerite and early stages of quartz precipitation, it too 
most likely formed early in the paragenetic sequence of this vein.  Therefore the 
sphalerite and galena appear contemporaneous with each other and early calcite and 
quartz.  
 In summary, after initial wall-rock alteration and fracture opening, Calcite I began 
precipitating in conjunction with Galena I.  During and shortly after continued calcite-
galena precipitation, euhedral Quartz I and sphalerite began to precipitate along vein 
boundaries.  Calcite II represents the coarser, euhedral variety of calcite associated with 
sphalerite and galena.  Galena II and Calcite III form next, cross-cutting sphalerite. 
Quartz II and Calcite III began to form during continued, rapid vein-opening.  Calcite I 
through III may represent a single generation affected by fluid or space conditions 
resulting in different morphologies.  The last phase of mineralization most likely 
occurred after the primary vein formed resulting in alteration along fractures and the 
precipitation of secondary goethite, plattnerite, and other clay-like minerals. 
El Caballo Mine 
Samples BT09-13 and BT09-14 represent those collected at El Caballo Mine 
dump and tailings.  The mine itself was made inaccessible by flooding and subsequent 
use as an irrigation source for local “farmers”.  All samples collected dominantly 
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comprise highly altered host rock with little in the way of visible veining.  Evidence of 
alteration includes host-rock pyritization and a greenish appearance because of propylitic 
alteration of the Jurassic sediments and submarine volcanoclastics.  Veins that do occur 
have widths not exceeding 1 centimeter and consist almost entirely of white calcite.  
Numerous millimeter scale veinlets cross-cut the primary vein at many angles.  This 
indicates that the samples most likely occurred adjacent to a fault, resulting in minor, 
small-scale brecciation.  Although these samples appear the same macroscopically, the 
vein mineralization appears significantly different.  While silver is not apparent in hand-
sample, reflected light petrography and EDS methods revealed significant quantities of 
silver associated with calcite veins. 
The gangue minerals present in samples BT09-13 and BT09-14 include calcite, 
quartz, adularia only present in BT09-13, and minor anorthite only present in sample 
BT09-14.  Calcite occurs as white, fine to medium-grained, anhedral to subhedral, 
massive to pseudorhombic crystals.  On rare occasion calcite shows twinning.  The quartz 
that occurs has an anhedral nature and occurs as fracture-fill in calcite.  The quartz 
veinlets provide a control on native silver mineralization implying the two could be 
contemporaneous.  The quartz fracture-fill veins do not exceed 25 micrometers in width.  
The adularia observed occurs as fine to medium-grained, anhedral masses.  Cleavage 
planes intersecting at approximately 90° can be observed locally.  This material occurs 
surrounding and along fractures in cobalt and iron arsenide minerals.  The only anorthite 
observed in the vein system occurs in fractures cross-cutting the primary calcite vein.  
The material occurs as subhedral to euhedral, pseudorhombic 50 micrometer crystals.  No 
twinning and cleavage planes intersecting at approximately 90° have been observed.  No 
in-fill mineralization occurs within the anorthite despite the observed cleaving.  This 
implies that the anorthite most likely occurred as a late stage of mineralization.  Native 
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silver and acanthite are the primary mineral that in-fill the veinlet along which the 
anorthite has been observed to occur. 
The metallic minerals observed include sphalerite, galena, native silver, 
glaucopyrite, lollingite, acanthite and pyrite.  Two types of sphalerite exist.  Sphalerite 
occurs along the primary centimeter vein boundary in BT09-13 as 1 millimeter, euhedral 
crystals representing an early-stage of mineralization that predates the first calcite 
mineralization (Figure 2.18).   Sphalerite also occurs as 100 to 250 micrometer, anhedral 
crystals with calcite in veinlets that parallel and cross-cut the primary vein at 60°.  This 
implies the sphalerite-calcite veinlets are conjugate and possibly the result of extensional 
forces.  These smaller veinlets may also be related to the primary vein, indicating that the 
primary vein could have formed during an extensional tectonic period.  These sphalerite-
bearing calcite veinlets also cross-cut pyrite-bearing quartz veinlets that run at 
approximately 35° to the main vein.  The sphalerite-calcite veinlet that parallels the main 
vein displaces the quartz-pyrite vein right laterally by approximately 500 micrometers.  
What appears to be a barren quartz veinlet also runs subparallel to the quartz-pyrite 
veinlets and cross-cuts and displaces the sphalerite-calcite veinlets left laterally by 
approximately 250 micrometers.  The only galena observed at this locality occurs as 
subhedral to anhedral crystals in sample BT09-14 associated with a coarser, subhedral 
calcite material that cross-cuts sphalerite.  The galena appears included within the calcite 
and as fracture in-fill in sphalerite.  This calcite associated with the galena appears 
similar in morphology to the first calcite mineralization of the main vein in sample BT09-
13. 
In BT09-13, silver appears intimately associated with the anhedral quartz 
observed to form within and parallel to the primary vein.  This quartz also forms as 
fracture in-fill in cleaved calcite, indicating mineralization occurred after the primary 
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calcite vein had already formed.  This is consistent with observations in BT09-14, in 
which native silver contains fragments of calcite and occurs along fractures within 
calcite.  Native silver encases a quartz grain, while quartz veinlets appear syngenetic with 
acanthite.  The quartz veinlets appear to contain dispersed acanthite inclusions while also 
being suspended within acanthite.  The acanthite appears as anhedral blebs ranging in 
size from 2 to 60 micrometers.  Acanthite appears to only occur along veinlets and edges 
of larger native silver blebs.  Morphologically this could indicate acanthite actually 
occurs as a late-stage sulfidation of native silver. 
Cobalt and iron arsenides have been confirmed in BT09-13, and are believed to be 
glaucopyrite and lollingite.  The glaucopyrite occurs as both discrete, isolated, radiating, 
subhedral lathes and as halos around native silver blebs.  Although EDS analyses indicate 
these mineral phases to relatively high certainty, traditional petrography opens the door to 
other possibilities.  Locally these materials have a semi-translucent yellow-brown color.  
This implies that if glaucopyrite and lollingite represent primary materials, that they have 
been altered locally to cobaltlotharmeyerite (Ca(Co,Fe3+)2(AsO4)2*2H2O) and 
ferrilotharmeyerite (CaFe3+2(AsO4)2*2H2O) respectively.  This would indicate an 
oxidizing fluid associated with adularia precipitation altered the reduced primary forms.  
It is unclear as to whether the glaucopyrite and lollingite occur before or after native 
silver mineralization.  In one instance the enveloped native silver appears to have no 
conduits for precipitation, and the glaucopyrite appears to radiate out from the native 
silver (Figure 2.20).  Similarly the lollingite appears to radiate away from the 
glaucopyrite.  This would indicate native silver mineralization preceded glaucopyrite and 
lollingite.  However, in another instance in the same sample (Figure 2.21), the native 
silver occurs in the center of glaucopyrite, but appears to fill-in fractures in the 
glaucopyrite-lollingite, which appear to form a solid-solution series.  The native silver 
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and glaucopyrite-lollingite occur along fractures in the surrounding medium-grained, 
subhedral to euhedral sphalerite.  This indicates that sphalerite formed early-on as 
previously discussed, but then the glaucopyrite-lollingite formed, and the last stage of 
mineralization consisted of native silver.  The major difference between these two 
instances is the relative proportions of adularia, quartz, and calcite present.  In either case 
sphalerite predates silver mineralization, and the silver mineralization appears associated 
with quartz veinlets along fractures in the calcite. 
In summary, early quartz-pyrite veinlets were followed by early sphalerite and 
Calcite I.  Galena and Calcite II most likely precipitated next, although Calcite II may 
actually represent continued precipitation of Calcite I.  Lollingite precipitated next 
followed by glaucopyrite.  These may have been altered to ferrilotharmeyerite and 
cobaltlotharmeyerite during adularia precipitation.  Quartz formed after Calcite II. Native 
silver occurred after Calcite II, towards the end of vein mineralization, and is closely 
associated with quartz.  Acanthite appears to be a late-stage alteration of pre-existing 
native silver, as indicated by pseudomorphs of common native silver textures and 
occurrence along fluid conduits and native silver grain boundaries.  
Road Cut 1 
Located in the northeastern quadrant of the Batopilas Mining District away from 
known historic mines, this drill road cut exposes a highly weathered 3 centimeter vein 
comprised of quartz, calcite, fluorite, galena, and barite.  Samples of this material include 
BT09-53 and BT09-54. 
In addition to the typical calcite and quartz gangue minerals, fluorite and barite 
are also present in these samples (Figure A25).  The fluorite appears medium to coarse-
grained, subhedral to euhedral, cubic, and green in hand-sample.  The fluorite is zoned 
when viewed using ultraviolet light.  The fluorescence ranges from weak to moderate 
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indigo-blue towards the fluorite interior to an aqua-green to white along its exterior.  
Fluorite appears to replace calcite along fractures and cleavage.  Barite appears medium 
to coarse-grained, subhedral to euhedral, bladed, and white in hand-sample.  The barite 
also fluoresces, but the intensity and colors are weak violet and greenish-white.  It is 
possible that the aqua-green to white fluorescence observed in fluorite actually results 
from barite inclusion or encrusting.  Calcite appears as fine to medium-grained, anhedral 
to subhedral, rhombic crystals, and fluoresces moderate pink-orange.  Quartz occurs as 
fine-grained subhedral to euhedral prisms along vein boundaries. 
Galena and plattnerite-anglesite-cerrusite appear to be the only ore-related 
minerals to occur in these samples, and are only observed in BT09-54 (Figure 2.23).  
Galena most likely precipitated with calcite as both minerals appear adjacent to euhedral 
quartz and are cross-cut by later fluorite.  Also, galena appears to include calcite.  
Oxidized lead minerals appear banded in EDS images and could indicate the presence of 
plattnerite, anglesite, and cerrusite.  Banded plattnerite-anglesite-cerrusite forms along 
galena grain boundaries and fractures.  Using EDS methods, it becomes apparent that 
plattnerite alteration of galena most likely began along fractures, as plattnerite-anglesite 
with higher concentrations of sulfur are separated from galena by plattnerite. 
Therefore, after quartz formation, these veins underwent a similar paragenesis as 
other veins.  Calcite and galena formed next, and was followed by the precipitation of 
fluorite and plattnerite.  Although barite has been observed in these samples, no 
paragenetic relationships appear conclusive.  The best assumption is that barite formation 
occurred last.  This would be consistent with the possibility that the exterior greenish-
white fluorescence of the fluorite resulted from barite inclusion or precipitation along its 
outer boundaries. 
  181 
Drill Cores 
In addition to these hand-samples, MAG Silver, Incorporated also collected drill 
cores from various sites prior to and in 2008.  The holes sampled for this study include 21 
and 24 from near La Cobriza Mine, and hole 22 from near the Santo Domingo, La 
Nevada Nueva, and San Antonio Mines.  These were sampled in order to provide greater 
understanding on variation of material with depth.  The samples predominantly represent 
altered host-rock with local vein mineralization.  However, an atypical occurrence of 
mineralization has been observed 39.5 and 49 meters down-hole in BA08-21-39.5 and 
BA08-21-49.  In BA08-22-19.5 and BA08-24-322 some vein mineralization did occur. 
 Sample BA08-21-49 appears to be a highly altered sample of host-rock.  Unlike 
most cases when the host-rock shows evidence of varying degrees of pyritization, 
silicification, and propylitic alteration, this sample also shows significant replacement of 
primary host-rock minerals by sphalerite and galena (Figure A26).  In addition, host-rock 
minerals such as augite and plagioclase both occur in the sample (Figure A27).  Primary 
euhedral augite remains intact in the sample, in some cases showing no signs of 
alteration, while relic plagioclase shows preserved twinning and evidence of local 
silicification and sericitization.  The rock appears to consist of approximately 70% augite, 
15% plagioclase var. anorthite, and 15% quartz, although the quartz probably represents 
silicification. 
In addition, significant amounts of intergrown pyrite, sphalerite, and galena occur 
in the sample (Figure 2.26).  Pyrite formed first as subhedral to euhedral cubes, and has 
included euhedral anorthite crystals and minor amounts of sphalerite.  Sphalerite 
precipitated as anhedral masses unlike the subhedral to euhedral dodecahedrons formed 
in most vein materials.  The sphalerite precipitated syngenetically or shortly after pyrite 
mineralization, as indicated by high iron content and the presence of pyrite blebs 
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throughout all sphalerite present.  These blebs may be the result of “chalcopyrite-disease” 
or exsolution of incompatible amounts of iron in the sphalerite, although some fragments 
of aforementioned pyrite has also been included within the sphalerite.  Galena formed last 
as evident by its replacement of both pyrite and sphalerite, as well as its presence in 
fracture-fill of pyrite.  Pyrite makes up about 45% of the metallics, while sphalerite and 
galena make up 40% and 15% respectively. 
BA08-21-39.5 and BA08-21-49 could represent a lens-like, massive-style 
replacement of the submarine, andesitic volcanics from the Batopilas Formation.  In any 
case, this mineralized zone represents material relatively untouched by propylitic 
alteration, although evidence for both pyritization and silicification occur. 
Only petrographic information is available for BA08-24-322 as the only section 
made was originally intended for fluid inclusion work.  BA08-24-322 represents a 
sphalerite-bearing calcite vein and shows replacement of the sphalerite along grain edges 
and dodecahedral cleavage by galena.  The sphalerite does contain classic euhedral, 
prismatic quartz inclusions, indicating that quartz formed before sphalerite mineralization 
occurred.  These findings are consistent with other Batopilas vein materials. 
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Table A1: Sample localities and available data 
 
BT09-XX Easting Northing Elevation Site Description
Average 
Strike/Dip
Section 
Made
Sulfur 
Isotopes
Lead 
Isotopes
Strontium 
Isotopes
Fluid 
Inclusions
1 230,560 2,993,620 540 Santo Domingo, 250m in 285/20N
2 230,570 2,993,620 540 Santo Domingo, 260m in 186/68W
3 230,600 2,993,660 540 Santo Domingo, 290m in 196/53W   
4 230,610 2,993,660 540 Santo Domingo, 290m in 210/85W
7 230,730 2,993,590 540 Santo Domingo, 450m in 138/85W 
8 230,600 2,993,670 540 Santo Domingo, 290m in  
12 226,787 2,992,686 717
Dolores diorite WP099, 
WP002 & Veins 220/46W    
13 226,047 2,993,586 888 (El Caballo tailings) 
14 226,047 2,993,586 900 (El Caballo tailings) 
16 227,570 2,993,520 550
Junction of San Roberto 
and Todos Santos, 200m 
from Porfirio Diaz Tunnel 
(PDT) 
20 227,520 2,993,470 550 Todos Santos, 275m from   
26 227,600 2,993,500 550
Cross-Cut 1 off 
Roncesvalles and San 
28 227,570 2,993,585 550
San Roberto, 140m from 
PDT  
30 227,585 2,993,675 550
Roncesvalles, 40m from 
PDT 
33 228,700 2,993,675 550 PDT, 75042, 1150m in  
35 229,450 2,993,250 550 PDT, 75003, 75004, 
37 230,615 2,993,650 726
(Arroyo de San Antonio 
Mine dump) WP004  
39 230,579 2,993,567 708
(Arroyo de San Antonio 
Mine dump) 
40 230,507 2,993,566 714
(Arroyo de San Antonio 
Mine dump)  
41 230,427 2,993,547 713
(Arroyo de San Antonio 
Mine dump)  
43 230,366 2,993,555 660 (La Nevada Nueva dump)  
45 (Pastrana dump) 
48 229,992 2,993,418 591
(Arroyo de San Antonio 
Mine dump)    
51 228,261 2,994,501 1153 (La Cobriza Mine) WP123    
53 228,894 2,994,841 1116 Road Cut 1 WP125 
54 228,894 2,994,841 1116 Road Cut 1    
57 227,650 2,993,600 830
Todos Santos, Penasquito 
Level, 480m in 
58 227,670 2,993,580 830
Todos Santos, Penasquito 
Level, 450m in  
59 227,680 2,993,520 830
Todos Santos, Penasquito 
Level, 375m in  
64 227,625 2,993,220 830
Todos Santos, Penasquito 
Level, 10m in 
Core Samples Easting E Northing N Elevation
BA08-21-39.5 228,900 2,994,494 1,086  
BA08-21-49 228,905 2,994,491 1,078   
BA08-22-19.5 230,333 2,993,922 577 
BA08-22-506.5 230,677 2,993,922 232 
BA08-24-322.1 227,782 2,994,601 952    
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Figure A1: Santo Domingo Mine & sample localities. 
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Figure A2: Native silver-bearing qz-ca vein associated with chlorite and argillite alteration, La Nevada 
Nueva Mine 
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Figure A3: Silver-bearing qz-ca vein, La Nevada Nueva Mine 
 
(A) native silver along calcite cleavage in transmitted light, and (B) native silver and proustite along calcite 
cleavage in transmitted light 
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Figure A4: Galena-bearing calcite vein, San Antonio Mine 
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Figure A5: Base metal sulfide associations, San Antonio Mine 
 
(A) euhedral quartz inclusions in euhedral galena in reflected-transmitted light, (B) galena replacement of 
sphalerite and calcite in reflected light, (C) sphalerite replacement of galena along cubic cleavage in 
transmitted light, and (D) sphalerite replacement of galena along cubic cleavage in reflected light 
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Figure A6: Massive-style arsenopyrite-lollingite replacement of galena-, sphalerite-bearing carbonate vein, 
Arroyo del San Antonio 
 
 
 
Figure A7: BSE image showing calcite vein cross-cutting massive-replacement style mineralization and 
subsequent cross-cutting by another calcite veinlet 
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Figure A8: Base-metal mineral relationships, San Antonio Mine 
 
(A) sphalerite-calcite I formation adjacent to calcite II in transmitted light, (B) sphalerite being cross-cut by 
pyrite and replaced by galena in reflected light, (C) replacement of galena by lollingite after arsenopyrite 
along cubic cleavage, and (D) subhedral lollingite after arnopyrite adjacent to calcite II 
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Figure A9: Lollingite after arsenopyrite, San Antonio Mine 
 
(A) strong anisotropic blue color in reflected-xpl light, and (B) strong anisotropic yellow color in reflected-
xpl light 
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Figure A10: Coarse-grained, gemmy sphalerite in calcite vein, San Antonio Mine 
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Figure A11: Porfirio Diaz Tunnel & sample localities 
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Figure A12: Pyritization of Porfirio Diaz Tunnel wall-rock in reflected light 
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Figure A13: Samples localities for the Roncesvalles, San Roberto, and Todos Santos-PDT Level veins 
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Figure A14: BSE images of quartz-pyrite-molybdenite vein, Todos Santos Mine  
 
(A) pyrite-bearing veinlets cross-cutting the larger quartz vein, (B) adularia infill of molybdenite cleavage, 
and (C) relationship of molybdenite to adularia and quartz 
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Figure A15: Inclusion-rich augite in quartz-pyrite-molybdenite vein, Todos Santos Mine 
 
(A) BSE image of augite, (B) EDS map of Ca, (C) EDS map of Ti, (D) EDS map of Fe, (E) EDS map of K, 
(F) EDS map of Al, (G) EDS map of Si, and (H) EDS map of O 
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Figure A16: Unknown mineral from BT09-20, Todos Santos Mine 
 
(A) yellow color in ppl, and (B) fibrous texture in xpl 
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Figure A17: Base-metal mineral relationships, Todos Santos Mine 
 
(A) metallic and gangue minerals in ppl, (B) metallic and gangue minerals in reflected light, (C) metallic 
minerals in reflected light, and (D) a BSE image of metallic and gangue minerals 
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Figure A18: Sample localities for the Todos Santos-Penasquito Level vein 
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Figure A19: Massive molybdenite mineralization associated with quartz-pyrite veins, Todos Santos -
Penasquito Level 
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Figure A20: Base-metal mineral relationships, Todos Santos Mine - Penasquito Level  
 
(A) arsenopyrite inclusion with pyrite rim within galena in reflected light, and (B) arsenopyrite-lollingite 
replacement of galena along cleavage in reflected light 
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Figure A21: Relatively unaltered wall-rock character, Todos Santos - Penasquito Level 
 
(A) petrographic section with wall-rock adjacent to calcite-galena vein, (B) zoned plagioclase in ppl, (C) 
twinned plagioclase in xpl, (D) yellow-green pleochroic augite in ppl, and (E) reoriented blue-green 
pleochroic  augite in ppl 
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Figure A22: Native silver hosted in a calcite vein, Pastrana Mine 
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Figure A23: BSE image showing galena inclusion of augite and replacement by arsenopyrite 
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Figure A24: Base-metal and gangue mineral relationships, La Cobriza Mine 
 
(A) paragenetic relationships between gangue and metallic minerals in reflected light, (B) the inclusion of 
euhedral calcite within euhedral sphalerite in ppl, (C) replacement of sphalerite along fractures in reflected 
light, and (D) sphalerite fracture-fill by plattnerite (anglesite?) and galena in reflected light 
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Figure A25: Base-metal and gangue mineral relationships, Road-cut 1, northern Batopilas Mining District 
 
(A) BSE image of metallic and gangue minerals, and (B) metallic and gangue minerals in reflected-xpl. 
Note: the two images do not represent the same field of view. 
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Figure A26: Photograph of replacement-style mineralization in thin section, northern Batopilas Mining 
District 
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Figure A27: Replacement-style mineralization associated with minimal propylitic alteration, northern 
Batopilas Mining District 
 
(A) silicified and pyritized plagioclase in xpl, and (B) euhedral, unaltered augite in ppl 
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Appendix B: EDS Analyses 
In order to confirm mineral identification using standard petrographic methods, 
and in order to identify exotic, minor, and trace minerals from the Batopilas Mining 
District, backscattered electron imaging (BEI or BS(E) and energy dispersive 
spectroscopy (EDS) was conducted at the University of Texas at Austin using the JEOL 
JSM-6490 LV scanning electron microscope.  Accelerating voltage, spot size, brightness 
and contrast were adjusted depending on the material of interest.  Using the EDAX 
software, EDS spectrums, images and semi-quantitative elemental weight and atomic 
percentages are reported here with analytical and interpretive notes.  A single sample was 
successfully analyzed using the EBSD system attached to the XL30 ESEM.  The electron 
backscatter diffraction patterns for the present mineral phases have been included here as 
Figure B1. 
  204 
Sample: BA08-21-49 
20kv, 30 Pa, 50ss, 10 mm 
 
Element Wt% At% 
  SK 57.65 70.34 
 FeK 42.35 29.66 
Matrix Correction ZAF 
 
 
 
 
 
Pyrite: C, Al, and Si signals most likely 
the result of beam skirting. Zn signal 
most likely the result of beam skirting.  
 
 
 
Element Wt% At% 
  SK 17.69 58.13 
 PbM 82.31 41.87 
Matrix Correction ZAF 
 
 
 
 
 
Galena: the unequal signal for Pb and S 
most likely the result of semi-
quantitative analysis and overlap of the 
Pb and S signals. Al, Zn, and Fe signals 
most likely the result of beam skirting. 
  205 
 
Element Wt% At% 
  SK 44.08 61.65 
 ZnK 55.92 38.35 
Matrix Correction ZAF 
 
 
 
 
 
Sphalerite: possibly sphalerite with high 
iron content, although the Fe signal 
could also result from pyrite inclusions 
that could also contribute to the high S 
signal. Al and Si signals most likely the 
result of beam-skirting;  
 
Element Wt% At% 
  OK 37.85 52.89 
 NaK 04.93 04.79 
 AlK 17.33 14.37 
 SiK 23.90 19.03 
 CaK 15.99 08.92 
Matrix Correction ZAF 
 
 
 
 
 
Plagioclase: containing both albite and 
anorthite components; possibly resulted 
from Na alteration by seawater. Fe, Zn 
and S signals most likely the result of 
beam-skirting 
  206 
 
Element Wt% At% 
  OK 45.47 59.41 
 SiK 54.53 40.59 
Matrix Correction ZAF 
 
 
 
 
 
Quartz: although the atomic abundance 
of O is not as high as expected, this 
signal is expected for quartz as 
confirmed in other samples using 
traditional methods. 
 
Element Wt% At% 
  OK 41.42 57.16 
 AlK 17.32 14.17 
 SiK 25.28 19.87 
 CaK 15.99 08.81 
Matrix Correction ZAF 
 
 
 
 
 
Anorthite: although the possibility of 
some albite component is possible based 
on the lower than expected Al signal, no 
Na signal exists.  The lack of sodic-
alteration could have resulted from the 
grain being fully encased in pyrite. Fe 
and S signals most likely the result of 
beam skirting. 
  207 
Sample: BT09-03 
 
Element Wt% At% 
  SK 24.50 39.70 
 FeK 33.49 31.16 
 AsK 42.02 29.14 
Matrix Correction ZAF 
 
 
 
 
 
Arsenopyrite
 
 
Element Wt% At% 
  SK 40.61 55.98 
 FeK 28.43 22.49 
 CuK 30.96 21.53 
Matrix Correction ZAF 
 
 
 
 
 
Chalcopyrite 
  208 
 
Element Wt% At% 
  SK 47.33 83.62 
 FeK 02.67 02.71 
 PbL 50.00 13.67 
Matrix Correction ZAF 
 
 
 
 
 
Galena 
 
Element Wt% At% 
  CK 14.03 24.20 
  OK 38.85 50.31 
 AlK 03.37 02.59 
 SiK 01.31 00.96 
 CaK 42.44 21.94 
Matrix Correction ZAF 
 
 
 
 
 
Calcite 
  209 
 
Element Wt% At% 
  SK 10.97 21.08 
 FeK 20.26 22.36 
 AsK 68.77 56.56 
Matrix Correction ZAF 
 
 
Arsenopyrite 
 
Element Wt% At% 
  SK 37.28 54.78 
 ZnK 62.72 45.22 
Matrix Correction ZAF 
 
 
 
Sphalerite 
 
Element Wt% At% 
  CK 12.46 21.99 
  OK 39.85 52.79 
 CaK 47.69 25.22 
Matrix Correction ZAF 
 
 
 
 
 
Calcite 
  210 
 
Element Wt% At% 
  SK 19.23 42.89 
 AgL 68.52 45.42 
 AsK 12.24 11.69 
Matrix Correction ZAF 
 
 
 
 
 
Proustite 
 
Element Wt% At% 
  SK 55.33 68.33 
 FeK 44.67 31.67 
Matrix Correction ZAF 
 
 
 
 
 
Pyrite 
  211 
 
Element Wt% At% 
  OK 42.01 55.98 
 SiK 57.99 44.02 
Matrix Correction ZAF 
 
 
 
 
 
Quartz 
 
Element Wt% At% 
  SK 08.96 38.88 
 PbL 91.04 61.12 
Matrix Correction ZAF 
 
 
galena 
 
Element Wt% At% 
  SK 57.15 69.90 
 FeK 42.85 30.10 
Matrix Correction ZAF 
 
 
 
Pyrite 
  212 
 
Element Wt% At% 
 AsL 14.75 14.27 
  SK 17.87 40.43 
 AgL 67.38 45.30 
Matrix Correction ZAF 
 
 
 
Proustite 
 
Element Wt% At% 
  SK 39.43 57.02 
 ZnK 60.57 42.98 
Matrix Correction ZAF 
 
 
 
Sphalerite 
 
Element Wt% At% 
  CK 12.09 21.14 
  OK 41.63 54.62 
 CaK 46.28 24.24 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  SK 14.17 35.71 
 AgL 85.83 64.29 
Matrix Correction ZAF 
 
 
 
Acanthite 
  213 
 
Element Wt% At% 
  SK 14.50 35.11 
 AgL 74.97 53.97 
 AsK 10.53 10.91 
Matrix Correction ZAF 
 
 
 
 
 
Proustite; high Ag signal could be the 
result of beam skirting. 
 
 
Element Wt% At% 
  SK 03.84 07.83 
 FeK 27.55 32.27 
 AsK 68.61 59.90 
Matrix Correction ZAF 
 
 
 
 
 
Lollingite (var geyerite); S signal could 
be attributed to small amounts of S 
substitution or could be the result of 
beam skirting.
  214 
 
Element Wt% At% 
  CK 12.68 22.21 
  OK 40.45 53.19 
 CaK 46.87 24.60 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  SK 27.21 43.15 
 FeK 32.23 29.33 
 AsK 40.56 27.52 
Matrix Correction ZAF 
 
 
 
Arsenopyrite; the high S signal most 
likely the result of beam skirting. 
 
Element Wt% At% 
  SK 15.83 38.75 
 AgL 84.17 61.25 
Matrix Correction ZAF 
 
 
 
 
 
Acanthite 
  215 
 
Element Wt% At% 
  SK 57.18 69.93 
 FeK 42.82 30.07 
Matrix Correction ZAF 
 
 
 
Pyrite 
 
Element Wt% At% 
  SK 38.43 55.99 
 ZnK 61.57 44.01 
Matrix Correction ZAF 
 
 
 
Sphalerite 
 
Element Wt% At% 
  CK 15.49 25.97 
  OK 29.60 37.24 
 AlK 10.56 07.88 
 SiK 30.27 21.70 
  KK 11.51 05.92 
 CaK 02.58 01.30 
Matrix Correction ZAF 
 
 
 
Orthoclase (var. adularia?) 
 
Element Wt% At% 
  SK 40.11 55.44 
 FeK 29.01 23.02 
 CuK 30.88 21.54 
Matrix Correction ZAF 
 
 
 
Chalcopyrite 
  216 
Element Wt% At% 
  SK 16.46 38.34 
 AgL 70.95 49.12 
 AsK 12.59 12.55 
Matrix Correction ZAF 
 
 
 
Proustite 
 
Element Wt% At% 
  CK 13.31 23.03 
  OK 38.54 50.07 
 AlK 05.55 04.28 
 SiK 02.42 01.79 
 CaK 40.17 20.83 
Matrix Correction ZAF 
 
 
 
Calcite; Al signal most likely from 
residual polishing agent; Si most likely 
from minor quartz. 
Element Wt% At% 
  CK 12.41 22.09 
  OK 38.79 51.86 
 CaK 48.80 26.04 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  SK 27.32 43.28 
 FeK 32.14 29.23 
 AsK 40.54 27.49 
Matrix Correction ZAF 
 
 
 
Arsenopyrite; high S signal most likely 
results from beam skirting of the 
overlapping Pb and S signal of 
surrounding and included galena 
 
  217 
Element Wt% At% 
  SK 07.93 35.77 
 PbL 92.07 64.23 
Matrix Correction ZAF 
 
 
 
Galena 
 
Element Wt% At% 
  CK 13.35 23.41 
  OK 39.24 51.67 
 CaK 47.41 24.92 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  OK 33.51 48.38 
 AlK 12.90 11.04 
 SiK 38.53 31.69 
  KK 15.05 08.89 
Matrix Correction ZAF 
 
 
 
 
 
Orthoclase (var. adularia?) 
  218 
 
Element Wt% At% 
  OK 32.83 47.30 
 NaK 00.94 00.94 
 AlK 13.89 11.86 
 SiK 39.12 32.11 
  KK 13.22 07.79 
Matrix Correction ZAF 
 
 
 
 
 
Orthoclase var. adularia with some 
sodic-alteration or beam skirting from 
surrounding plagioclase 
 
Element Wt% At% 
  OK 36.35 49.71 
 NaK 08.18 07.78 
 AlK 13.59 11.02 
 SiK 36.97 28.79 
  KK 01.06 00.60 
 CaK 03.85 02.10 
Matrix Correction ZAF 
 
 
 
 
 
Quartz: all other signals the result of 
beam skirting 
  219 
Sample: BT09-12A 
 
Element Wt% At% 
  CK 15.92 25.75 
  OK 45.90 55.74 
 CaK 38.18 18.51 
Matrix Correction ZAF 
 
 
 
Calcite: calcite; consistent with optical 
properties and rhombohedral cleavage 
expected for calcite; Ir, S, and Si signals 
attributed to beam skirting 
 
Element Wt% At% 
  SK 15.13 53.54 
 PbM 84.87 46.46 
Matrix Correction ZAF 
 
 
 
Galena (Pb46S54 ~PbS) 
Element Wt% At% 
  OK 44.93 58.89 
 SiK 55.07 41.11 
Matrix Correction ZAF 
 
 
 
Quartz: show optical and physical 
properties of quartz; semi-quantitative 
atomic percentages shows same low 
oxygen or high silica signal as other 
quartz samples 
 
Element Wt% At% 
  SK 39.91 55.07 
 FeK 32.25 25.55 
 CuK 27.84 19.38 
Matrix Correction ZAF 
 
 
 
Chalcopyrite inclusions (Cu19Fe26S55 
~CuFeS2) 
  220 
 
 
 
Element Wt% At% 
  SK 56.33 69.20 
 FeK 43.67 30.80 
Matrix Correction ZAF 
 
 
 
 
 
Marcasite (Fe31S69 ~FeS2) has a 
lozenge shape and brassy-metallic color-
luster 
 
 
 
Element Wt% At% 
  SK 29.41 45.40 
 FeK 35.34 31.32 
 AsK 35.25 23.28 
Matrix Correction ZAF 
 
 
 
 
 
S-rich arsenopyrite (Fe31As23S46  
~FeAsS); could represent the onset of 
arsenopyrite replacement of marcasite or 
beam-skirting of sulfur signal from 
adjacent marcasite. 
arsenopyrite 
  221 
 
Element Wt% At% 
  SK 44.99 62.51 
 ZnK 55.01 37.49 
Matrix Correction ZAF 
 
 
 
Sphalerite; high iron and sulfur contents 
most likely the result of beam skirting of 
surrounding marcasite 
 
Element Wt% At% 
  SK 41.96 57.22 
 FeK 30.06 23.53 
 CuK 27.98 19.25 
Matrix Correction ZAF 
 
 
 
Chalcopyrite 
 
  222 
Sample: BT09-13  
20kv, 30 Pa, 50ss, 11mm 
 
Element Wt% At% 
 FeK 23.45 28.56 
 CoK 07.85 09.07 
 AsK 68.70 62.37 
Matrix Correction ZAF 
 
 
 
Glaucopyrite: glaucopyrite from the 
safflorite-lollingite series; most likely a 
beam skirting effect including some 
calcite signal with safflorite 
 
Element Wt% At% 
  SK 11.78 29.50 
 AgL 73.49 54.71 
 AsK 14.74 15.80 
Matrix Correction ZAF 
 
 
 
 
 
Acanthite: As-signal possibly a beam 
skirting effect from surrounding 
glaucopyrite; Ca and O signals ignored; 
as shown, possible minerals include 
proustite and billingsleyite, however 
neither mineral is likely; assuming As-
signal is the result of beam skirting and 
ought to have been ignored, the most 
likely mineral is acanthite, which is 
consistent with optical properties 
observed in polished section 
  223 
 
Element Wt% At% 
  OK 47.11 69.05 
 CaK 52.89 30.95 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  SK 14.99 37.24 
 AgL 85.01 62.76 
Matrix Correction ZAF 
 
 
 
Acanthite: Ca, O, Si, and Al signals most 
likely the result of beam skirting 
 
Element Wt% At% 
  OK 41.34 56.91 
 AlK 14.52 11.85 
 SiK 29.81 23.37 
 CaK 14.32 07.87 
Matrix Correction ZAF 
 
 
 
 
 
Quartz: possible that Ca and O signals 
are wholly or partially the result of beam 
skirting; appears chemically to be 
silicified anorthite as Si is twice 
expected, also O is low for anorthite; if 
Al from polishing agent entered the 
fracture, this could be quartz; if Ca and 
some O ignored, could be pyrophyllite 
  224 
 
Element Wt% At% 
  OK 40.15 55.00 
 MgK 01.16 01.04 
 AlK 16.09 13.07 
 SiK 32.48 25.35 
 CaK 10.13 05.54 
Matrix Correction ZAF 
 
 
 
 
 
Anorthite: Ag signal ignored as beam 
skirting effect; all other signals believed 
to be real as surrounding minerals would 
not contain these elements; Mg and Fe 
(at ~6.4 keV) signal could be attributed 
to noise; could be anorthite, but the Si 
content is twice what it ought to be; if Al 
signal is the result of inadequate 
cleaning, this could represent quartz 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native silver 
 
Element Wt% At% 
 FeK 14.58 17.85 
 CoK 16.78 19.47 
 AsK 68.65 62.67 
Matrix Correction ZAF 
 
 
 
Glaucopyrite: safflorite-lollingite series; 
possible Ni signal could indicate the 
presence of safflorite proper; Ag, Si, and 
Al signals ignored result of beam 
skirting  
  225 
 
Element Wt% At% 
  OK 28.34 59.52 
 CaK 11.41 09.56 
 FeK 23.21 13.96 
 CoK 02.80 01.60 
 AsK 34.24 15.35 
Matrix Correction ZAF 
 
 
 
 
 
Cobaltotharmeyerite: Ag, Si, and Al 
signals ignored as beam skirting effects; 
if Ca, O, and Co signals ignored as beam 
skirting effects, then most likely 
lollingite from the safflorite-lollingite 
series; optical properties support 
cobaltotharmeyerite as the mineral is 
partially semi-translucent brown, with a 
fan or lath-like habit 
 
Element Wt% At% 
  OK 35.58 67.29 
 CaK 10.12 07.64 
 FeK 22.74 12.32 
 AsK 31.57 12.75 
Matrix Correction ZAF 
 
 
 
 
 
Ferrilotharmeyerite: Si and Al signals 
ignored as beam skirting effects; could 
be either ferrilotharmeyerite or 
sewardite; if Ca and O signals ignored as 
beam skirting effects, most likely 
mineral is lollingite from the safflorite-
lollingite series; ferrilotharmeyerite is 
supported by optical properties as the 
mineral appears semi-translucent, 
brownish-yellow, with a distinct 
cleavage plane and wedge-like habit 
  226 
 
Element Wt% At% 
  OK 33.98 48.83 
 AlK 13.51 11.52 
 SiK 38.08 31.18 
  KK 14.42 08.48 
Matrix Correction ZAF 
 
 
 
 
 
Orthoclase var. adularia: based on 
geologic setting in a low-temperature 
hydrothermal vein system that has been 
greatly altered; indicates a boiling 
process 
 
Element Wt% At% 
  OK 41.45 55.27 
 AlK 18.79 14.86 
 SiK 38.22 29.03 
  KK 01.54 00.84 
Matrix Correction ZAF 
 
 
 
 
 
Anorthite: alteration of feldspars 
forming clays; Ca and C signals should 
not have been ignored and K signal 
ought to have been ignored; Ca signal 
could be wholly or partially the result of 
beam skirting effects; O could be 
partially the result of beam skirting with 
surrounding calcite; cleavage of ~90 
supports anorthite interpretation, closely 
resembles the inclusion within native 
silver 
  227 
Sample: BT09-14 
20kv, 30 Pa, 60ss, 10 mm 
 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native silver  
 
Element Wt% At% 
  OK 53.24 66.65 
 SiK 46.76 33.35 
Matrix Correction ZAF 
 
 
 
Quartz,  signal is inconsistent with other 
quartz signals; in addition, Ca and Al 
signals should not have been ignored; 
possibly anorthite, supported by the 
crystal habit and the apparent cleavage 
 
Element Wt% At% 
  CK 11.90 21.13 
  OK 39.95 53.25 
 CaK 48.15 25.62 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native silver 
  228 
 
Element Wt% At% 
  OK 40.76 55.92 
 AlK 14.86 12.08 
 SiK 32.92 25.72 
 CaK 11.46 06.28 
Matrix Correction ZAF 
 
 
 
 
 
Anorthite, but Si signal is too high; 
possibly because of silicification; if Ca 
and Al ignored, could be quartz, but 
shows perpendicular cleavage
 
Element Wt% At% 
  SK 12.21 31.88 
 AgL 87.79 68.12 
Matrix Correction ZAF 
 
 
 
 
 
Acanthite; Si, O, Ca, C signals ignored 
as beam skirting effect from surrounding 
quartz and calcite 
  229 
Sample: BT09-16 
18 kv, 30 Pa, 50ss, 10 mm 
 
Element Wt% At% 
 MoL 55.61 29.51 
  SK 44.39 70.49 
Matrix Correction ZAF 
 
 
 
 
 
Molybdenite: Si and O signals ignored 
as beam skirting effect of minor 
inclusions; Mo30S70 ~ MoS2; 
molybdenite; supported by presence of 
single-cleavage and reflected light 
optical properties; sulfur content is a 
little high
 
 
 
 
Element Wt% At% 
  OK 37.09 51.44 
 AlK 19.97 16.43 
 SiK 34.86 27.55 
  KK 08.08 04.58 
Matrix Correction ZAF 
 
 
 
 
 
Adularia: Mo and S signals ignored as 
beam skirting effect; K5Al16Si28O51 ~ 
KAl3Si6O10; Possibly k-feldspar 
(KAlSi3O8 – adularia), but Al and Si 
signals are too high
  230 
 
Element Wt% At% 
  OK 36.32 51.14 
 AlK 11.88 09.92 
 SiK 40.27 32.30 
  KK 11.52 06.64 
Matrix Correction ZAF 
 
 
 
Adularia: Mo and S signals ignored as 
beam skirting effect; K7Al10Si32O51 ~ 
K3Al5Si15O25; Possibly k-feldspar 
(KAlSi3O8 – adularia), but Al and Si 
signals are too high
 
Element Wt% At% 
  OK 41.43 60.71 
 AlK 02.01 01.75 
 SiK 24.21 20.21 
 CaK 15.68 09.17 
 TiK 16.66 08.16 
Matrix Correction ZAF 
 
 
 
 
 
Augite
  231 
 
Element Wt% At% 
  OK 29.90 54.51 
 AlK 01.86 02.01 
 SiK 10.40 10.80 
 CaK 01.27 00.92 
 TiK 25.34 15.43 
 MnK 01.99 01.06 
 FeK 29.23 15.27 
Matrix Correction ZAF 
 
 
 
 
 
Ilmenite
 
Element Wt% At% 
  OK 36.64 60.51 
 AlK 01.73 01.69 
 SiK 09.59 09.03 
 CaK 02.01 01.33 
 TiK 48.10 26.54 
 FeK 01.92 00.91 
Matrix Correction ZAF 
 
 
 
 
 
Rutile 
  232 
 
Element Wt% At% 
  OK 23.32 55.98 
 AlK 01.17 01.66 
 SiK 07.35 10.05 
 CaK 10.60 10.16 
 TiK 10.44 08.37 
 FeK 08.22 05.65 
  WL 38.91 08.13 
Matrix Correction ZAF 
 
 
 
 
 
Ferberite
 
Element Wt% At% 
  OK 43.12 57.43 
 AlK 01.49 01.18 
 SiK 53.09 40.28 
 CaK 01.03 00.55 
 TiK 01.27 00.57 
Matrix Correction ZAF 
 
 
 
 
 
Quartz
  233 
 
 
Element Wt% At% 
 MoL 55.66 29.55 
  SK 44.34 70.45 
Matrix Correction ZAF 
 
 
 
Molybdenite 
 
Element Wt% At% 
  OK 36.65 51.43 
 AlK 11.07 09.21 
 SiK 41.50 33.17 
  KK 10.78 06.19 
Matrix Correction ZAF 
 
 
 
Adularia
 
Element Wt% At% 
  OK 44.91 58.87 
 SiK 55.09 41.13 
Matrix Correction ZAF 
 
 
 
Quartz 
  234 
 
Element Wt% At% 
  OK 34.86 52.83 
 AlK 06.23 05.60 
 SiK 30.47 26.30 
 CaK 17.14 10.37 
 FeK 11.30 04.91 
Matrix Correction ZAF 
 
 
 
 
 
Augite (?)
 
Element Wt% At% 
 MoL 57.07 30.76 
  SK 42.93 69.24 
Matrix Correction ZAF 
 
 
 
Molybdenite 
 
Element Wt% At% 
  OK 35.28 51.37 
 AlK 16.70 14.41 
 SiK 29.07 24.11 
 CaK 13.36 07.76 
 FeK 05.59 02.33 
Matrix Correction ZAF 
 
 
 
Augite (?) 
  235 
 
Element Wt% At% 
  OK 43.96 57.93 
 SiK 56.04 42.07 
Matrix Correction ZAF 
 
 
 
Quartz 
 
Element Wt% At% 
  OK 36.23 50.96 
 AlK 12.28 10.24 
 SiK 40.57 32.51 
  KK 10.92 06.29 
Matrix Correction ZAF 
 
 
 
Adularia 
 
Element Wt% At% 
  SK 57.78 70.45 
 FeK 42.22 29.55 
Matrix Correction ZAF 
 
 
 
Pyrite 
 
Element Wt% At% 
  OK 43.59 57.56 
 SiK 56.41 42.44 
Matrix Correction ZAF 
 
 
 
Quartz 
  236 
Sample: BT09-20 
20kv, 30 Pa, 50ss, 10 mm 
 
Element Wt% At% 
  SK 40.73 58.06 
 FeK 04.15 03.40 
 ZnK 55.12 38.54 
Matrix Correction ZAF 
 
 
 
 
 
Sphalerite 
 
 
 
 
Element Wt% At% 
  CK 13.42 21.94 
  OK 48.29 59.29 
 CaK 38.29 18.77 
Matrix Correction ZAF 
 
 
 
 
 
Calcite 
 
  237 
 
 
Element Wt% At% 
  OK 46.08 60.00 
 SiK 53.92 40.00 
Matrix Correction ZAF 
 
 
 
 
 
Quartz 
 
 
 
Element Wt% At% 
  SK 10.96 44.30 
 PbM 89.04 55.70 
Matrix Correction ZAF 
 
 
 
 
 
Galena 
 
  238 
 
 
Element Wt% At% 
  CK 14.40 22.08 
  OK 55.80 64.23 
 CaK 29.79 13.69 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  SK 11.63 45.95 
 PbM 88.37 54.05 
Matrix Correction ZAF 
 
 
 
Galena 
 
Element Wt% At% 
  SK 39.53 56.87 
 FeK 03.90 03.22 
 ZnK 56.57 39.91 
Matrix Correction ZAF 
 
 
 
Sphalerite 
 
Element Wt% At% 
  OK 44.80 58.76 
 SiK 55.20 41.24 
Matrix Correction ZAF 
 
 
 
Quartz 
 
  239 
Sample: BT09-41 
20 kv, 30 Pa, 50ss, 10 mm 
 
Element Wt% At% 
  SK 11.94 46.69 
 PbL 88.06 53.31 
Matrix Correction ZAF 
 
 
 
 
 
Galena: PbS; C, O, As, Al, Si signals 
ignored as beam skirting effect; 
triangular divots and brightness support 
this 
 
 
 
Element Wt% At% 
  OK 39.50 53.94 
 AlK 17.37 14.07 
 SiK 36.00 28.00 
  KK 07.13 03.99 
Matrix Correction ZAF 
 
 
 
 
 
Adularia: Fe and As signals ignored as 
beam skirting effect; K4Al15Si29O50 
approximates the formula for k-feldspar 
(KAlSi3O8 - adularia), although the K 
content is low, and the Al and Si 
contents appear high. 
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Element Wt% At% 
  OK 45.50 59.45 
 SiK 54.50 40.55 
Matrix Correction ZAF 
 
 
 
 
 
Quartz; Si41O59 ~ SiO1.5;  although the 
Si content seems high (or conversely the 
oxygen content is low) 
 
Element Wt% At% 
  CK 12.03 20.80 
  OK 43.09 55.94 
 CaK 44.89 23.26 
Matrix Correction ZAF 
 
 
 
 
 
Calcite; Si and As signals ignored as 
beam-skirting effect  
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Element Wt% At% 
 FeK 30.40 36.95 
 AsK 69.60 63.05 
Matrix Correction ZAF 
 
 
 
 
 
Lollingite; Si and O signals ignored as 
beam-skirting effect; S signal may also 
be partly or wholly a result of beam-
skirting; lack of a Pb-signal associated 
with S implies S signal is true, but leads 
to unlikely mineral I.D.; Fe37As63 ~ 
FeAs2; lollingite pseudomorph of 
arsenopyrite 
 
Element Wt% At% 
  SK 24.02 39.11 
 FeK 33.36 31.19 
 AsK 42.62 29.70 
Matrix Correction ZAF 
 
 
 
 
 
Arsenopyrite; Si and O signals ignored 
as beam-skirting effect; Fe31As30S39 ~ 
FeAsS; arsenopyrite replacement by 
lollingite along crystal habit 
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Element Wt% At% 
  SK 05.43 10.86 
 FeK 28.24 32.41 
 AsK 66.32 56.73 
Matrix Correction ZAF 
 
 
 
 
 
Lollingite; Si and O signals ignored as 
beam-skirting effect; S signal may also 
be partly or wholly a result of beam-
skirting; lack of a Pb-signal associated 
with S implies S signal is true; 
Fe32As57S11 ~ Fe3As6S 
 
 
 
 
 
Element Wt% At% 
  SK 23.76 38.77 
 FeK 33.48 31.36 
 AsK 42.76 29.86 
Matrix Correction ZAF 
 
 
 
Arsenopyrite; Si signal ignored as beam-
skirting effect; Fe31As30S39 ~ FeAsS; 
arsenopyrite w/ slightly high S content 
 
Element Wt% At% 
 FeK 29.71 36.18 
 AsK 70.29 63.82 
Matrix Correction ZAF 
 
 
 
Lollingite; Si signal ignored as beam 
skirting effect; Fe36As64 ~ FeAs2; 
lollingite w/ slightly low As content 
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Element Wt% At% 
  OK 45.10 59.06 
 SiK 54.90 40.94 
Matrix Correction ZAF 
 
 
 
Quartz; Fe and As signals ignored as 
beam skirting effect; Si41O59 ~ SiO1.5 
 
Element Wt% At% 
  OK 42.06 56.64 
 AlK 16.60 13.26 
 SiK 33.89 26.00 
  KK 07.45 04.11 
Matrix Correction ZAF 
 
 
 
Orhtoclase; Fe and As signals ignored as 
beam-skirting effect; K4Al13Si26O57 ~ 
KAl3Si6O14 
 
Element Wt% At% 
  SK 10.88 44.09 
 PbM 89.12 55.91 
Matrix Correction ZAF 
 
 
 
Galena; O, Al, Si, K, Fe and As signals 
ignored as beam skirting effects; 
Pb56S44 ~ PbS; ga replacement by lo 
along cubic cleavages 
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Sample: BT09-45 
20kv, 30 Pa, 60ss, 10 mm 
 
Element Wt% At% 
  CK 12.74 22.13 
  OK 41.43 54.01 
 CaK 45.83 23.85 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native Ag 
 
Element Wt% At% 
  CK 11.16 20.51 
  OK 36.84 50.84 
 CaK 52.00 28.65 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native silver 
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Element Wt% At% 
  SK 15.74 38.60 
 AgL 84.26 61.40 
Matrix Correction ZAF 
 
 
 
Acanthite 
 
Element Wt% At% 
  SK 14.45 52.19 
 PbL 85.55 47.81 
Matrix Correction ZAF 
 
 
 
Galena 
 
Element Wt% At% 
 AgL 100.00 100.00 
Matrix Correction ZAF 
 
 
 
Native silver 
 
Element Wt% At% 
  SK 11.45 45.52 
 PbM 88.55 54.48 
Matrix Correction ZAF 
 
 
 
Galena 
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Element Wt% At% 
  SK 13.01 49.15 
 PbL 86.99 50.85 
Matrix Correction ZAF 
 
 
 
Galena 
 
 
 
Element Wt% At% 
  OK 10.22 45.95 
  SK 12.07 27.08 
 PbL 77.71 26.98 
Matrix Correction ZAF 
 
 
 
 
 
Anglesite is the most common lead sulfate 
mineral; Plattnerite if some Pb and S signal is 
attributed to beam skirting from the galena; 
ScottlanditE also consistent with the semi-
quanittative results 
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Element Wt% At% 
  SK 13.08 33.61 
 AgL 86.92 66.39 
Matrix Correction ZAF 
 
 
 
Acanthite 
 
 
Element Wt% At% 
  SK 42.17 59.79 
 ZnK 57.83 40.21 
Matrix Correction ZAF 
 
 
 
Sphalerite 
 
Element Wt% At% 
  OK 12.74 65.41 
 PbM 87.26 34.59 
Matrix Correction ZAF 
 
 
 
 
 
Plattnerite 
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Sample: BT09-48b 
20kv, 30 Pa, 50ss, 10 mm 
 
Element Wt% At% 
  OK 30.01 44.85 
 AlK 11.27 09.99 
 SiK 38.57 32.84 
  KK 20.15 12.32 
Matrix Correction ZAF 
 
 
 
 
 
Adularia: Pb and S signals ignored as 
beam-skirting effect from surrounding 
galena (PbS); K12Al10Si33O45 ~ 
KAlSi3O8, but O is low; Adularia 
(KAlSi3O8); pseudo-rhombic crystal 
habit supports the presence of adularia
 
Element Wt% At% 
  SK 40.67 58.29 
 ZnK 59.33 41.71 
Matrix Correction ZAF 
 
 
 
Sphalerite: Zn42S58 ~ ZnS 
 
Element Wt% At% 
  SK 09.93 41.61 
 PbM 90.07 58.39 
Matrix Correction ZAF 
 
 
 
Galena: Pb58S42 ~ PbS; Galena appears 
to be replacing sl 
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Sample: BT09-54c 
20kV, 30 Pa, 50 ss, 10 mm 
 
 
Element Wt% At% 
  OK 40.70 54.64 
 SiK 59.30 45.36 
Matrix Correction ZAF 
 
 
 
Quartz 
 
Element Wt% At% 
  SK 13.19 49.55 
 PbL 86.81 50.45 
Matrix Correction ZAF 
 
 
 
Galena 
 
Element Wt% At% 
  FK 41.65 60.09 
 CaK 58.35 39.91 
Matrix Correction ZAF 
 
 
 
 
 
Fluorite 
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Element Wt% At% 
  CK 11.18 20.08 
  OK 39.65 53.45 
 CaK 49.17 26.46 
Matrix Correction ZAF 
 
 
 
Calcite 
 
Element Wt% At% 
  FK 41.71 60.15 
 CaK 58.29 39.85 
Matrix Correction ZAF 
 
 
 
Fluorite 
 
Element Wt% At% 
  OK 13.14 63.95 
  SK 01.65 04.02 
 PbL 85.21 32.03 
Matrix Correction ZAF 
 
 
 
 
 
Plattnerite consistent with overall 
chemistry and crystal morphology, 
although carbon and sulfur signals could 
indicate presence of cerrusite and 
anglesite; S signal might be from beam-
skirting of surrounding galena; implies 
the presence of an oxidation zone 
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Element Wt% At% 
  OK 15.77 67.17 
  SK 02.85 06.06 
 PbL 81.38 26.77 
Matrix Correction ZAF 
 
 
 
 
 
Plattnerite consistent with overall 
chemistry and crystal morphology, 
although carbon and sulfur signals could 
indicate presence of cerrusite and 
anglesite; S signal might be from beam-
skirting of surrounding galena; implies 
the presence of an oxidation zone 
 
Element Wt% At% 
  SK 12.02 46.89 
 PbL 87.98 53.11 
Matrix Correction ZAF 
 
 
 
Galena 
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A. B.
C. D.
E. F.
G. H.
 
 
Figure B1: EBSD patterns for Batopilas mineral phases, BT09-14, El Caballo Mine 
 
(A-B) quartz, (C-D) calcite, (E-F) orthoclase var. adularia, and (G-H) acanthite. Note: A best fit was 
performed comparing the shown Kikuchi bands to those in a mineral database, except for acanthite as data 
was unavailable for various silver phases. EDS analyses identify this phase as belonging to the acanthite-
argentite polymorphs.  Based on the complexity of the Kikuchi banding (Goldstein et al., 2003), this 
material is interpreted to be the lower symmetry, monoclinic polymorph, acanthite rather than the isometric 
polymorph, argentite. 
  253 
Appendix C: Fluorescent Response & Description 
A fluorescence study conducted by Stephanie Mills provided the framework for 
fluorescence analyses.  I induced a fluorescent response when possible using a 
SuperBright II 3500 Series, model 3254 handheld UV lamp.  This UV lamp emits 
wavelengths at 253.7 nanometers.  Using this lamp I noted the varying colors and 
intensities of fluorescence produced by different vein materials for strontium isotope 
analyses (Table C1).  
For calcite analyses the color-intensity descriptions vary from red-violet to orange 
and weak to intense.  These descriptors represent end-members for a subjective gradient 
of variation.  The intermediate descriptors include pink-orange and moderate intensity. 
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Table C1: Fluorescent response of samples analyzed for strontium data 
 
Sample Mineral Fluorescence Morphology Notes Purpose/Background
BT09-03-P Calcite
weak "red-violet" to 
moderate "pink-
orange"
coarse-grained, rhombohedral 
or dog-tooth; white; 1-2 cm 
braided veinlets forming 2-3 cm 
veins
associated with pr and ac in addition to 
sl, ga, py; anhedral, fine-grained 
alteration along possible cross-cutting 
fracture fluoresces blue-white to aqua-
green; 0.5 cm veinlets consist of fine- 
to medium-grained calcite w/ weak 
"red-violet" to non-fluorescence
consistency with petrographic, S and 
Pb isotope work; Santo Domingo 
Mine, 290 m in; 196/53W; samples 
known to contain Ag minerals (pr, ac, 
Ag)
BT09-03-PP Calcite
moderate "pink"; blue 
phosphorescence
subhedral to euhedral, medium-
grained, dog-tooth; colorless; 1-
2 cm veins
early stage of ca mineralization, occurs 
nearest vein/vug walls
consistency with petrographic, S and 
Pb isotope work; Santo Domingo 
Mine, 290 m in; 196/53W; 
paragenetic relationship of ca
BT09-03-O Calcite
moderate "pink-
orange" to intense 
orange
euhedral, fine- to medium-
grained, dog-tooth; colorless to 
gray; 1-5 mm veinlets parallel 
above
late stage of ca mineralization, occurs 
toward vein/vug interior
consistency with petrographic, S and 
Pb isotope work; Santo Domingo 
Mine, 290 m in; 196/53W; 
paragenetic relationship of ca
BT09-07-O Calcite
moderate "pink-
orange"
anhedral, fine-grained; white; 2-
3 mm veinlet
associated with white ca (below) and 
fine-grained, anhedral, yellow-brown 
sl; cross-cuts white ca at ~30 degree 
angle
paragenetic relationship of barren ca 
to mineralized ca
BT09-07-W Calcite
moderate to intense 
"white"; white 
phosphorescence
anhedral, fine-grained; white; 2-
3 mm veinlet
associated with white ca (above) by 
being cross-cut
paragenetic relationship of barren ca 
to mineralized ca
BT09-12-P Calcite
moderate "pink-
orange"
subhedral, fine-grained, 
rhombohedral; white w/ diffuse 
tan; <2 cm veins
associated with fine- to medium-
grained subhedral to euhedral ga; 
veins contain altered green wall-rock; 
alteration on weathered surfaces 
fluorescesces moderate, white to 
yellow and phosphoresces yellow-
green
consistency with petrographic, S and 
Pb isotope work; cross-cuts Dolores 
Diorite; 200 to 238/42 to 50W
BT09-35-P Calcite
moderate to intense 
"pink-orange"
anhedral to subhedral, fine- to 
medium-grained; white; >5 cm
associated with fine-grained, anhedral 
native silver and fine-grained, anhedral 
ga (ac?); vein appears heavily 
reworked with significant alteration 
along fractures of ca
associated w/ native Ag; in-situ; 
fluorescence is distinctly more pink
BT09-37-O Calcite
moderate "pink-
orange" to "orange"
anhedral to suhedral, medium- 
to coarse-grained, 
rhombohedral; white to gray; 2 
cm veins forming 4 cm vein
associated with medium- to coarse-
grained, subhedral ga and highly 
altered, brecciated wall-rock; could be 
2 separate veins that were reactivated 
and later in-fill occurred with a ga-
bearing stage and a barren stage; 
however, fluorescence is uniform 
throughout
possible adjacent veins w/ varying 
sulfide material
BT09-40-O Calcite
moderate "pink-
orange" to intense 
"orange"
anhedral to subhedral, fine- to 
medium-grained, rhombohedral; 
white; >5 cm asymmetrical vein
associated with fine- to medium-
grained, subhedral, gemmy yellow-
orange sl; vein appears reworked as 
indicated by ground-up material and 
wall-rock; also possibly multiple veins, 
possibly from reactivation; weaker 
"red-violet" fluorescence along one 
side and associated with sl; appears to 
run through the more intense "pink-
orange" to "orange" ca material
association with large amounts of 
gemmy, Fe-poor sl; (San Antonio 
Mine dump)
BT09-43-P Calcite
weak to moderate 
"pink-orange"
anhedral, fine-grained; white; 
<1 cm braided vein
associated with fine-grained, anhedral 
to subhedral pr, ga, sl, and native Ag; 
also associated with fine-grained, 
anhedral to subhedral  white-gray qtz; 
braided vein consists of 0.5-2 mm 
veinlets through altered wall-rock associated w/ pr and native Ag
BT09-48-P Calcite
moderate "pink-
orange"
subhedral to euhedral, fine to 
coarse grained; white; 4 cm 
pseudo-asymmetrical vein
composes vein interior as 
"meandering" material within vein as a 
whole; post-mineralization of ga->lo
consistency with petrographic, S and 
Pb isotope work; paragenetic 
relationship between pre- and post- 
sulfide-arsenide mineralization
BT09-48-V Calcite
weak "red-violet" to 
"pink-orange"
anhedral to subhedral, fine-
grained; white w/ tan tint; 5 
mm veinlet
associated with fine-grained, anhedral 
to subhedral ga and lo; ga-lo "layer" 
separates weak "red-violet" material 
from the later moderate to intense 
"pink-orange" fluorescence in vein 
interior; pre-mineralization of ga->lo
consistency with petrographic, S and 
Pb isotope work; paragenetic 
relationship between pre- and post-
sulfide/arsenide mineralization
BT09-51-O Calcite
moderate "pink-
orange" to intense 
"orange"
subhedral to euhedral, medium- 
to very coarse-grained; pink to 
white; >6 cm vein
associated with medium-grained, 
subhedral, weathered ga as cementing 
material; medium-grained, white ca 
along vein boundaries w/ coarse-
grained, pink ca in vein interior; change 
appears gradational; fluorescence of 
ca seems uniformly "pink-orange" w/ 
intense "orange" along fractures in and 
boundaries of ca
consistency with petrographic, S and 
Pb isotope work; (La Cabriza Mine 
dump); possible standard (?); possible 
post-sulfide mineralization  
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Appendix D: Geochemical Methods 
In an attempt to acquire new data for application to understanding the fluid and 
metal sourcing resulting in native silver deposition in the Batopilas Mining District, many 
geochemical analyses were conducted.  These include the acquisition of sulfur isotope 
data, lead isotope data, strontium isotope data, and trace-elemental concentration data. 
27 sulfur isotope analyses, conducted by the Department of Geological Sciences 
Stable Isotope Research Facility at Indiana University, Bloomington, span sulfur-bearing 
minerals present at Batopilas.  These include 1 molybdenite analysis, 2 barite analyses, 4 
pyrite analyses, 9 sphalerite analyses, and 11 galena analyses. 
8 lead isotope analyses, conducted at the University of Texas at Austin, consists 
of 2 drill-core galena samples representing a more massive style of mineralization and 6 
vein galena samples.   
13 strontium isotope analyses, conducted at the University of Texas at Austin, 
consists of various samples of vein calcite.  The preferred calcite samples showed 
observed paragenetic relationships allowing for timing constraints with a given sample.  
Some samples represent calcite associated with different mineralization events.  For 
example, BT09-35 was selected because of the association of calcite with native silver, 
whereas BT09-40 was selected because of its association strictly with coarse-grained, 
gemmy sphalerite, a rare occurrence at Batopilas. 
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I - SULFUR ISOTOPE METHODS 
Selection of samples for sulfur isotope analyses was based on the presence of 
native silver or silver-bearing minerals, and distribution based on latitude, longitude and 
elevation.  The minerals analyzed include sphalerite, pyrite, galena, barite, and/or 
molybdenite, and vary with the sample.  Sample preparation was grouped by mineral, e.g. 
all sphalerite samples were prepared in sequence, followed by all pyrite samples, etc. 
Each sample was initially crushed using a mortar and pestle, and then submerged in 25% 
acetic acid in order to remove any calcite present.  Samples were then cleaned in distilled 
water in an ultrasonic cleaner.  Individual mineral grains were separated using a 
petrographic microscope with both transmitted and reflected light options.  After 
separation selected mineral grains were washed in 5% hydrochloric acid, followed by 
rinsing in distilled water.  The cleaned, separated grains were then powdered using a 
mortar and pestle.  The mortar and pestle was cleaned using distilled water between each 
use for crushing and using 25% nitric acid between each use for powdering to minimize 
contamination by previous sample material. 
Sulfur isotope ratios were measured at the Department of Geological Sciences 
Stable Isotope Research Facility at Indiana University, Bloomington.  They were 
determined using an EA1110 elemental analyzer coupled to a Finnigan Mat 252 isotope 
ratio mass spectrometer via a ConFlo II split interface (Studley et al., 2002). Isotope data 
are reported with respect to VCDT (Vienna Cañon Diablo Troilite). Corrections were 
based on laboratory standards calibrated to the IAEA S-1 standard (δ34S, -0.30 ‰) and 
NBS-127 (δ34S, +20.3 ‰) standard. Analytical reproducibility was better than ±0.2‰ for 
standards and duplicate samples. 
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I only analyzed sphalerite from samples BT09-20 and BT09-28 because of the 
inability to sample enough isolated galena or pyrite.  In sample BT09-20 galena and 
pyrite replace sphalerite along fractures and grain boundaries respectively.   Some 
sphalerite occurs with only calcite fracture-fill, indicating that replacement did not 
pervade the sample or that early replacement was succeeded by a second generation of 
sphalerite precipitation.  The sphalerite sampled contains minimal contamination by these 
minerals.  As sphalerite occurred first, the value obtained from this sample ought to 
represent an accurate δ34Ssl value (-3.06‰).  In BT09-28, highly-fractured, calcite-filled 
sphalerite shows only minor replacement, by small amounts of galena indicating an 
earlier timing of mineralization.  The δ34Ssl value of -4.11‰, therefore, represents an 
accurate sulfur isotopic composition for the sphalerite. 
I obtained δ34S values for only galena from samples BT09-12, BT09-33, and 
BT09-54 because of the lack of any other sulfur-bearing mineralization.  The one 
exception is sample BT09-54.  I collected this sample at Road-cut 1 nearby to BT09-53, 
which contained significant barite mineralization.  BT09-12 and BT09-33 represent 
calcite-galena veins associated with one another based on mineralogical and 
morphological features.  The samples have δ34SPb per mil values of -6.36 and -5.50, 
respectively.  Sample BT09-54 possesses a similar δ34S value of -6.86‰. 
II - LEAD ISOTOPE METHODS 
Lead isotope samples were selected from the suite of samples analyzed for sulfur 
isotope signatures to ensure overlap in data.  Sample selection was based on distribution 
in the mining district and to provide continuity of core or vein features.  The only mineral 
analyzed was galena.  Each sample was initially crushed using a mortar and pestle, and 
then submerged in 25% acetic acid in order to remove any ca present.  Samples were then 
cleaned in distilled water in an ultrasonic cleaner.  Individual mineral grains were 
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separated using a petrographic microscope with both transmitted and reflected light 
options.  After separation selected mineral grains were washed in 5% hydrochloric acid, 
followed by rinsing in distilled water.  The samples were not powdered at this time.  The 
mortar and pestle was cleaned using 25% nitric acid between each use for crushing to 
minimize contamination by the previous sample material. 
Lead isotope analyses on galena were performed in the Isotope Geochemistry Lab 
in the Jackson School of Geosciences, Department of Geological Sciences at the 
University of Texas at Austin.  Lead isotopes were analyzed by Dr. Larry Mack using the 
following analytical procedures. 
Galena samples were weighed out to 0.4 to 8.0 milligrams, transferred to clean 
Teflon vials, and washed in 0.05 molar hydrochloric acid twice each.  Samples were then 
dissolved in 4 milliliters of hot 6 molar hydrochloric acid.  An aliquot of dissolved 
sample was transferred to a clean Teflon vial and diluted to contain approximately 100 
nanograms of lead.  This was then transferred to a new Teflon vial and dried.  Separation 
of common lead in each sample was performed by isolating the lead using 200 µL of Bio 
Rad AG 1-X8, 100-200 mesh, anion resin in a Teflon shrink-tube column once using the 
0.5 M HBr – 0.5 M HNO3 procedure. 
The lead sample was then loaded onto out gassed rhenium filaments with silica 
gel and 0.3 molar H3PO4.  Lead isotope ratios were then measured in Thermo Triton TI 
thermal-ionization mass spectrometer in static-multicollection data-acquisition mode with 
a filament temperature of 1200 °C.  The linear fractionation “law” was used to correct for 
mass discrimination in the mass spectrometer.  The magnitude of the fractionation 
correction is estimated by analyzing the NIST SRM 981 common Pb isotope standard 
multiple times under conditions identical to those for the samples.  The true composition 
of the NIST SRM 981 standard is assumed to be that given by Galer and Abouchami 
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(1998).  Outliers are rejected from the data sets.  Analytical uncertainty is estimated to be 
+/- 0.05% per amu (2σ) (Luhr et al., 1995).  This is equivalent to +/- 0.0004 for typical 
207Pb/206Pb ratios, +/- 0.002 for 208Pb/206Pb ratios, +/- 0.02 for 206Pb/204Pb ratios, +/- 0.02 
for 207Pb/204Pb ratios, and +/- 0.08 for 208Pb/204Pb ratios.  The amount of contamination is 
monitored by analyzing “blanks” along with the samples.  The technique of “isotope 
dilution” is used to determine this quantity of Pb.  For these samples, the lab procedural 
blanks were 2 and 3 pg of Pb for the galena samples.  Relative to the amount of Pb in the 
target sample, ~100 ng, this amount of contamination is insignificant, i.e. it does not 
measurably change the Pb isotope compositions of the analyzed samples.  
III - STRONTIUM ISOTOPE METHODS 
Sample selection was based on fluorescence and paragenetic relationships as well 
as association with varying sulfide and silver minerals.  Vein material was sampled by 
using a water-saw when necessary.  Samples were then broken and separated using an 
iron mortor and pestle that was cleaned with HCl and distilled water between 
preparations of each sample.  Mineral separates were then selected using a high-power 
microscope to ensure as little as possible contamination by sulfides, clays, or wall-rock.  
These pure mineral separates were then cleaned in distilled water by sonification twice 
for 30 minutes each with a water change between each rinse.  The mineral separates were 
then left overnight to air dry, at which point they were checked for internal fluorescent 
consistency using short-wave UV light.  If the samples were found to contain varying 
intensities or colors of fluorescence, the material was further separated. 
These carefully selected carbonate rhombs, weighing between 12 and 36 mg, 
were rinsed in deionized water, placed in acid-cleaned 2 ml polyethylene centrifuge tubes 
and reacted with 1 ml of ultra-pure (Seastar Inc., Burnaby, British Columbia) 4% acetic 
acid for 10 minutes. The solution was centrifuged for approximately 10 minutes and the 
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supernatant pipetted off and dried in acid-cleaned Teflon beakers in class-100 clean-room 
conditions. Acetates were converted to nitrates by redrying with several drops of ultra-
pure concentrated HNO3. This material was picked up in 0.3 ml of 3 N ultra-pure HNO3 
and Sr separated from the solution using ion-specific resin (Sr-Spec, Eichrome Inc, 
Darien, IL, see Horwitz et al., 1991) in 0.07 ml Teflon columns. 
87Sr/86Sr ratios were measured by static collection using a Thermo Scientific 
Triton thermal ionization mass spectrometer at The University of Texas at Austin. 
Samples were loaded with 0.3M phosphoric acid onto a tantalum oxide slurry on zone-
refined rhenium filaments. Total procedural blanks are in the tens of picograms range and 
are insignificant with respect to sample size.  The 87Sr/86Sr values reported include 
statistical data reduction and corrections for 87Rb and instrumental fractionation. External 
2σ is 1.0 x 10-5 based on the standard deviation of the population of 20 NIST standard 
NBS 987 analyses for which the mean 87Sr/86Sr value is 0.710252. 
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Appendix E: Fluid Inclusion Methods & Descriptions 
 Sample selection was based on the presence of viable primary fluid inclusions for 
analysis in various mineral phases.  Preference was given to samples with larger 
inclusions and those for which multiple generations could be easily defined.  Fluid 
inclusion doubly-polished, 100 micron thick sections were prepared by Texas 
Petrographics (Houston, Texas), and Greg Thompson (Jackson School of Geosciences, 
The University of Texas at Austin).  Fluid inclusion data was collected using a modified 
USGS-type gas-flow heating/freezing stage capable of microthermometry of fluid 
inclusions over a range of 700° to -180°C. The stage is mounted on an Olympus BX51 
microscope with a 40X long-working distance objective, 2X image magnifier, and digital 
camera for image capture.  Complete fluid inclusion data for each mineral phase has been 
presented in Table E1 through Table E5. 
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Table E1: Quartz fluid inclusion data, SW Batopilas Mining District 
 
Sample Inclusion Nature
Te     
(-°C) Aqueous Salt System^
Tm ice   
(-°C)
NaCl 
equivalent 
salinity (%)*
Th 
(°C) Remarks
BT09-12B 1 Primary 38
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 2.8 5
early; along growth plane; 
hexagonal shape
BT09-12B 2 Primary 2.5 4
later; base parallels growth 
zone
BT09-12B 3 Primary 121.1 irregular shape
BT09-12B 4 Primary 164.6 irregular shape
Average 2.7 4 142.9
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 0.042384*D^2 + 0.00052778*D^3 + 0.028  
 
Table E2: Fluorite fluid inclusion data, Road Cut 1, northern Batopilas Mining District 
 
Sample Inclusion Nature
Te     
(-°C) Aqueous Salt System^
Tm ice   
(-°C)
NaCl 
equivalent 
salinity (%)*
Th 
(°C) Remarks
BT09-54D 1 Primary I 35
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 8.6 12 149.0
triangular shape w/ base 
parallel to growth zone; 
towards colorless crystal 
interior
BT09-54D 2 Primary I 8.0 12 156.7
triangular shape w/ base 
parallel to growth zone; 
towards colorless crystal 
interior
BT09-54D 3 Primary I 6.3 10 162.5
triangular shape w/ base 
parallel to growth zone; 
towards colorless crystal 
interior
Average
MgCl2-FeCl2-NaCl-
Na2CO3-K2CO3 11 156.1
BT09-54D 4 Primary III 32.5
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 2.6 4 181.2
confined to yellow-green 
color zone
BT09-54D 5 Primary III 3.8 6 149.0
confined to yellow-green 
color zone
BT09-54D 6 Primary III 2.9 5 151.0
confined to yellow-green 
color zone
Average
MgCl2-FeCl2-NaCl-
Na2CO3-K2CO3 5 160.4
BT09-54D 7
Primary IV 
(?) 26
NaCl-
(KCl,Na2SO4,NaHCO3,Na2C
O3) 2.0 3 182.1
near grain boundary; 
associated with choppy 
inclusions; irregular shapes
BT09-54D 8
Primary IV 
(?) 2.4 4 176.8
near grain boundary; 
associated with choppy 
inclusions; irregular shapes
BT09-54D 9
Primary IV 
(?) 2.4 4 185.7
near grain boundary; 
associated with choppy 
inclusions; irregular shapes
Average
NaCl-
(KCl,Na2SO4,NaHCO3,Na
2CO3) 4 181.5
BT09-54D 10 Secondary 1.4 2 occurs along a microfracture
BT09-54D 11 Secondary 32
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 7.6 11 152.0
FIA composed of 30-100 
inclusions of varying size; 
towards crystal interior
BT09-54D 12 Secondary 153.0
FIA composed of 30-100 
inclusions of varying size; 
towards crystal interior
BT09-54D 13 Secondary 156.5
FIA composed of 30-100 
inclusions of varying size; 
towards crystal interior
Average
MgCl2-FeCl2-NaCl-
Na2CO3-K2CO3 7 153.8
BT09-54D 14
Primary II 
(?) 36.5
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 7.8 11 178.2
square; adjacent to 
secondary FIA (above)
BT09-54D 15
Primary II 
(?) 25.5
NaCl-
(KCl,Na2SO4,NaHCO3,Na2C
O3) 7.0 10 172.4
square w/ tails; adjacent to 
secondary FIA (above)
Average 11 175.3
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 0.042384*D^2 + 0.00052778*D^3 + 0.028  
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Table E3: Sphalerite fluid inclusion data, Arroyo de San Antonio 
 
Sample Inclusion Nature
Te     
(-°C) Aqueous Salt System^
Tm ice   
(-°C)
NaCl 
equivalent 
salinity (%)*
Th 
(°C) Remarks
BT09-40 1 Secondary IV 9.5
KCl-Na2SO4-NaHCO3-
Na2CO3 184.0
parallel to cleavage; part of 
linear feature comprised of 
20-60 other inclusions of 
varying size
BT09-40 2 Secondary IV 11.3
KCl-Na2SO4-NaHCO3-
Na2CO3 8.8 13 139.0
parallel to cleavage; part of 
linear feature comprised of 
20-60 other inclusions of 
varying size
BT09-40 3 Secondary IV 166.9
BT09-40 4 Secondary IV 10.5
KCl-Na2SO4-NaHCO3-
Na2CO3 8.6 12 170.0
BT09-40 5 Secondary IV 10.9
KCl-Na2SO4-NaHCO3-
Na2CO3 9.1 13 184.5
Average 8.8 13 168.9
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 0.042384*D^2 + 0.00052778*D^3 + 0.028  
 
Table E4: Sphalerite fluid inclusion data, section 1, Todos Santos Mine 
 
Sample Inclusion Nature
Te     
(-°C) Aqueous Salt System^
Tm ice   
(-°C)
NaCl 
equivalent 
salinity (%)*
Th 
(°C) Remarks
BT09-20(1) 1 Primary III 45.7 CaCl2-(NaCl, MgCl2, KCl) 14.3 18 235.8
sides parallel color & 
inclusion zones; occurs at a 
corner; trapezoid; striations
CaCl2-(NaCl, MgCl2, KCl) 18 235.8
BT09-20(1) 2 Primary I (?) 48.8 CaCl2-(NaCl, MgCl2, KCl) 11.7 16 204.1 trapezoid; striations
BT09-20(1) 3 Primary I (?) 205.9 trapezoid; striations
BT09-20(1) 4 Primary I (?) 53 CaCl2-(NaCl, MgCl2, KCl) 13.1 17 early, dark orange
BT09-20(1) 5 Primary I (?) 15.0 19 late, dark orange
BT09-20(1) 6 Primary I (?) 59.4 CaCl2-(NaCl, MgCl2, KCl) 16.0 20 203.0
confined to early, pale orange 
zone
BT09-20(1) 7 Primary I (?) 38.4
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 18.0 21 178.1 confined to late, pale orange
BT09-20(1) 8 Primary I (?) 46.8 CaCl2-(NaCl, MgCl2, KCl) 15.2 19 late, pale yellow-orange
Average CaCl2-(NaCl, MgCl2, KCl) 19 197.8
BT09-20(1) 9
Secondary I 
(?) 47.1 CaCl2-(NaCl, MgCl2, KCl) 17.7 21 211.2 mosaic texture
BT09-20(1) 10
Secondary I 
(?) 47.8 CaCl2-(NaCl, MgCl2, KCl) 17.3 21 mosaic texture
BT09-20(1) 11 Secondary II 46.7 CaCl2-(NaCl, MgCl2, KCl) 10.3 14 189.0 rectangular w/ tails
BT09-20(1) 12 Secondary II 17.6 21 191.2 rectangular w/ tails
Average CaCl2-(NaCl, MgCl2, KCl) 19 197.1
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 0.042384*D^2 + 0.00052778*D^3 + 0.028  
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Table E5: Sphalerite fluid inclusion data, section 2, Todos Santos Mine 
 
Sample Inclusion Nature
Te     
(-°C) Aqueous Salt System^
Tm ice   
(-°C)
NaCl 
equivalent 
salinity (%)*
Th 
(°C) Remarks
BT09-20(2) 1
Primary II 
(?) 38.4
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.5 13 152.9 trapezoid; striations
BT09-20(2) 2
Primary II 
(?) 36.8
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.7 14 140.5 trapezoid; striations
BT09-20(2) 3
Primary II 
(?) 38.2
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.6 14 145.6 striations
BT09-20(2) 4
Primary II 
(?) 37.2
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.4 13 131.7 striations
BT09-20(2) 5
Primary II 
(?) 36.8
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.5 13 striations
Average
MgCl2-FeCl2-NaCl-
Na2CO3-K2CO3 13 142.7
BT09-20(2) 6
Pseudo-
secondary 37.8
MgCl2-FeCl2-NaCl-Na2CO3-
K2CO3 9.9 14 152.8
in colorless zone; terminate 
at early, dark yellow zone
BT09-20(2) 7
Pseudo-
secondary 27.4
NaCl-
(KCl,Na2SO4,NaHCO3,Na2C
O3) 9.2 13 145.6
in colorless zone; terminate 
at early, dark yellow zone
BT09-20(2) 8
Pseudo-
secondary 28
NaCl-
(KCl,Na2SO4,NaHCO3,Na2C
O3) 10.1 14 147.9
in colorless zone; terminate 
at early, dark yellow zone
BT09-20(2) 9
Pseudo-
secondary 23
NaCl-
(KCl,Na2SO4,NaHCO3,Na2C
O3) 9.6 14 141.0
moving bubble; in early, dark 
yellow zone
Average
NaCl-
(KCl,Na2SO4,NaHCO3,Na
2CO3) 14 146.8
BT09-20(2) 10
Secondary 
III 50 CaCl2-(NaCl, MgCl2, KCl) 16.0 20 169.1
rectangular w/ tails; parallel 
to cleavage
BT09-20(2) 11
Secondary 
III 45.6 CaCl2-(NaCl, MgCl2, KCl) 10.0 14 151.4 early, colorless zone
BT09-20(2) 12
Secondary 
III 43.4 CaCl2-(NaCl, MgCl2, KCl) 10.1 14 137.0 late, pale yellow zone
BT09-20(2) 13
Secondary 
III 9.1 13 134.3
moving bubble; in late, pale 
yellow zone
Average CaCl2-(NaCl, MgCl2, KCl) 15 148.0
^ - Interpreted from Table 4.1 of Shepherd et al. (1985); * - Ws = 1.76958*D – 0.042384*D^2 + 0.00052778*D^3 + 0.028  
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